In Press Ageing Research Reviews

Biological Effects of Calorie Restriction: From Soup to Nuts

Stephen R. Spindler, Department of Biochemistry,
University of California, Riverside, Riverside, CA, USA

Keywords: Caloric restriction; lifespan; longevity; insulin signaling; IGFI signaling; longevity
therapeutics

Abstract
Caloric restriction (CR), reduced protein, methionine, or tryptophan diets; and reduced
insulin and/or IGFI intracellular signaling can extend mean and/or maximum lifespan and delay
deleterious age-related physiological changes in animals.

Mice and flies can shift readily

between the control and CR physiological states, even at older ages. Many health benefits are
induced by even brief periods of CR in flies, rodents, monkeys, and humans. In humans and
nonhuman primates, CR produces most of the physiologic, hematologic, hormonal, and
biochemical changes it produces in other animals. In primates, CR provides protection from type
2 diabetes, cardiovascular and cerebral vascular diseases, immunological decline, malignancy,
hepatotoxicity, liver fibrosis and failure, sarcopenia, inflammation, and DNA damage. It also
enhances muscle mitochondrial biogenesis, affords neuroprotection; and extends mean and
maximum lifespan. CR rapidly induces antineoplastic effects in mice. Most claims of lifespan
extension in rodents by drugs or nutrients are confounded by CR effects. Transcription factors
and co-activators involved in the regulation of mitochondrial biogenesis and energy metabolism,
including SirT1, PGC-1α and AMPK, may be involved in the lifespan effects of CR.
Paradoxically, low body weight in middle aged and elderly humans is associated with increased
mortality. Thus, enhancement of human longevity may require pharmaceutical interventions.
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1. Introduction
Humans have been extending their average lifespans linearly since about 1840 (Oeppen
Vaupel 2002). By 1900, the average lifespan in Europe and the USA had increased from
between 22 and 35 years, to about 60 years of age. Today, the average lifespan world wide has
risen to roughly 63 years (Oeppen Vaupel 2002). In Japan, where the longest lifespans are
currently found, the life expectancy for women is almost 85 years (Oeppen Vaupel 2002).
Because of these gains, by the 1960’s, the human survival curve in developed countries began to
resemble that of research animals protected in a vivarium. Because it is mostly the old who die,
people born today have a better chance of reaching extreme old age than do the current “old”.
For example, the life expectancy of living to 100 years for boys and girls born today in the
United Kingdom is 18.1% and 23.5%, respectively (Anonymous 2007). In contrast, a 40-yearold man and woman have only an 8% and 11.7% chance of reaching 100 years of age,
respectively. As of May 26, 2008, the Los Angeles Gerontology Research Group had verified
only 74 living supercentenarians (people living to 110 years of age or above) [64 females and 10
males (http://www.grg.org/Adams/Tables.htm)]. Only one human, Mme. Jeanne Calment, is
credibly documented to have survived to 122 years of age.
Demographers estimate from the shape of lifespan curves in developed countries that
humans are approaching the theoretical lifespan limits of our species (Olshansky et al. 2001). It
has been estimated that if we successfully conquer all the diseases that currently kill us,
including cancer and cardiovascular disease, that are the major killers in industrialized societies,
we will extend our average lifespan by only about 15 years (Olshansky et al. 2001). Thus, even
if we are lucky enough to escape all the diseases currently killing us, we will still die when we
encounter the “wall” of our maximum lifespan, looming at approximately 110 years of age.
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Maximum lifespan is often defined as the lifespan of the longest lived 10% of a cohort. This
problem is part and parcel of the health care dilemma facing the developed world. A major
portion of the spending for health-related research and care by individuals, governments, private
companies and foundations, doctors, hospitals, and other health care providers are focused on
capturing that final 15 years of life. But, perhaps this need not be the case.

2. Lifespan effects of caloric restriction (CR)
Scientists have known since the 1930's that diets which reduce calories below the level
required for maximum fertility and fecundity, while avoiding malnutrition, can extend the mean
and maximum lifespan (the lifespan of the longest lived 10% of a cohort) of laboratory rats, by
40% or more (McCay et al. 1935). Such dietary regimen are often termed “CR” or “dietary
restriction”. Early reports also showed that CR reduces the incidence and severity of many of
the diseases which limit the lifespan of rats (McCay et al. 1935). Subsequent investigations
confirmed that CR extends survival, reduces the incidence of tumors and other diseases, and
shifts the onset of these diseases to later ages in laboratory rodents (Cheney et al. 1980;
Weindruch Walford 1988; Masoro 2006).

2.1. Phylogenetic conservation of the CR response
The longevity and health effects of CR appear to be widespread phylogenetically. As
summarized by Masoro (Masoro 2006), they include species from three Kingdoms (Animalia,
Fungi, and Protoctista), and four phyla within Animalia (Rotifera, Nematoda, Arthropoda, and
Chordata). Responsive species include dog (Labrador Retriever) (Lawler et al. 2008), rodents
(rats, mice, hamsters) (Weindruch Walford 1988), nematode [Caenorhabditis elegans (C.
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elegans)] (Klass 1977), rotifer (Asplanchna brightwelli and Philodena acuticornis) (Fanestil
Barrows, Jr. 1965; Verdone-Smith Enesco 1982), spider (Frontinella pyramitela; a.k.a. bowl and
doily spider) (Austad 1989), fruitfly [Drosophila melanogaster (Drosophila)] (Min et al. 2007),
the Mediterranean fruit fly (Ceratitis capitata; a.k.a. medfly) (Carey et al. 2005), guppies
(Lebistes reticulatus, Peters) (Comfort 1963), and zebrafish (Danio rerio) (Keller et al. 2006).
Nutritional insufficiency also appears to extend the chronological and replicative lifespan of
baker’s yeast (Saccharomyces cerevisiae), although the meaning of these observations and their
relationship to the lifespan of multicellular eukaryotes remains unclear (Fabrizio Longo 2007;
Kaeberlein Powers, III 2007; Michan Sinclair 2007).
Recently, gerontologists have become more sensitive to the idea that the apparent
“universality” of the CR response could be the result of reporting bias. The health and/or
longevity effects of CR may not be universal, even within species. For example, while CR
begun at 4 months of age increases median and maximum lifespan of C57BL/6 and B6D2F11
mice, it fails to alter the lifespan of DBA/2 mice, at least using the methods of these studies
(Forster et al. 2003). A CR regimen has not been described that is capable of extending the
lifespan of the housefly (Musca domestica) (Cooper et al. 2004). In addition, some age-related
diseases, such as certain mouse models of Parkinson's disease, also may be unresponsive to CR
(Armentero et al. 2008).
These data may not indicate that CR cannot extend the lifespan of these species or strains.
Responsiveness to CR can depend on subtleties of the treatment protocol. CR was long thought
incapable of extending the lifespan of middle-aged and older mice.

Only when CR was

introduced in a stepwise fashion was lifespan extension obtained in mice 12 months of age or
older (Weindruch Walford 1982; Dhahbi et al. 2004). Harrison and Archer found a shortening of
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lifespan when CR was introduced to C57BL/6J mice at 4 weeks of age, immediately after
weaning (Harrison Archer 1987). However, other laboratories obtained robust lifespan extension
with this mouse strain when CR was initiated in middle age (e.g. Pugh et al. 1999). Initial
reports indicated that medflies were unresponsive to CR (Carey et al. 2002). However, clear
evidence of a CR response was found when protocols similar to those used for Drosophila were
employed (Carey et al. 2005; Davies et al. 2005).
Triggering the CR response in some strains or species may require specific husbandry
techniques and/or dietary regimen. Differences in the husbandry of some strains of dwarf mice
determines whether shortened or lengthened lifespan is obtained relative to controls (Bartke
2008b). One interpretation of such results is that certain stresses [e.g. CR; reduced insulin and
insulin-like growth factor-I (IGFI) signaling] induce a repair and survival-related physiological
response. For lifespan extension to be observed, the response must obviate the negative effects
of the inducer and redirect molecular priorities to pathways designed for stress resistance, repair,
and survival (Schumacher et al. 2008). Whether a given stress produces extended longevity in a
specific strain or species will depend on the severity of the stress, the degree to which it induces
the response pathway, and the potency of the response pathway. These are all polygenic traits.
Thus, it is not surprising that genetic background can have significant influences on the response.

2.1.1. CR in nonhuman primates
Studies from two colonies of rhesus macaques suggest that the effects of CR in
nonhuman primates recapitulate many of the physiological, hematological, hormonal,
immunological, and biochemical effects produced in rodents (Kemnitz et al. 1993; Mattison et al.
2003; Maswood et al. 2004; Roth et al. 2004; Mattison et al. 2005; Anderson et al. 2009).
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Approximately 30% CR (a 30% reduction in calories) initiated in macaques of various ages,
decreases body weight and adiposity (Colman et al. 1998; Lane et al. 1999); improves
glucoregulatory functions and increases insulin sensitivity (Lane et al. 1995; Lane et al. 1999;
Gresl et al. 2003); produces favorable changes in blood triglyceride and lipid profiles (Edwards
et al. 1998); reduces serum levels of C-reactive protein (Edwards et al. 1998); delays male
skeletal

and

sexual

maturation;

delays

the

age-associated

decline

in

serum

dehydroepiandrosterone and melatonin normally found in ad libitum fed controls (Lane et al.
1999; Mattison et al. 2003); reduces oxidative damage in skeletal muscle (Zainal et al. 2000);
and attenuates the development of sarcopenia (Colman et al. 2008). Long-term CR (LTCR) also
produces a trend toward reduced cardiovascular disease, diabetes, neoplastic disease, and liver
failure as causes of mortality (Lane et al. 1999; Roth et al. 1999). CR monkeys develop diabetes
later in life and with a lower incidence than ad libitum fed controls (Bodkin et al. 1995). CR
initiated during adulthood may delay T-cell aging and preserve naïve CD8 and CD4 T cells into
advanced age, although the timing and method of introduction of CR appears to be crucial to this
effect (Messaoudi et al. 2008).

LTCR also reduces the production of local inflammatory

mediators and the risk of inflammatory periodontal disease among male macaques (Reynolds et
al. 2009).
Results from a third colony of rhesus macaques have been interpreted as evidence that
CR extends the lifespan of these primates (Bodkin et al. 2003).

However, statistical and

methodological concerns make these conclusions equivocal (Lane et al. 2004).

Recently,

investigators at the Wisconsin National Primate Research Center have published an analysis of
their survival data that found a statistically significant increase in the lifespan of CR rhesus
macaques (Colman et al. 2009). However, their posthoc data analysis excludes deaths deemed
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not “age related”. This analysis did not use a multiple testing procedure to compensate for this
posthoc design.

Further survival data from the two ongoing studies will be needed to

conclusively determine whether CR is effective at extending the lifespan of nonhuman primates.

2.1.2. CR in humans
Some have argued that it is unlikely that CR or any other treatment can prolong human
health- and lifespan due the age-related loss of molecular fidelity resulting from the inevitable
increase in entropy (Hayflick 2004). Others have argued that the life-history of humans presents
little selective pressure for a robust CR response (Phelan Rose 2005; Demetrius 2005; De Grey
2005). However, as with the nonhuman primates discussed above, it is unlikely that we will
have unequivocal resolution of this debate in the near future.
The limited evidence available for humans suggests that CR produces physiological
effects that are similar to those found in rodents and monkeys (Verdery Walford 1998; Walford
et al. 1999; Weyer et al. 2000; Walford et al. 2002). However, there are few studies in the
literature of human health and longevity using nutritious, low calorie diets. Kagawa reported
that in the 1970’s the death rates from cerebral vascular disease, malignancy, and heart disease
on Okinawa Island were 59%, 69%, and 59% of those found in the rest of Japan (Kagawa 1978).
The mortality rate for 60-64 year olds living on Okinawa was half of that found elsewhere in
Japan. The incidence of centenarians on the island was two to forty times greater than that of
other Japanese communities. He suggested this good fortune resulted from CR. Okinawan
school children consumed only 62% of the calories of other Japanese school children during the
early 1960s (Hokama et al. 1967). Kagawa reported in 1978 that Okinawan adults consumed
20% fewer calories relative to the national average in Japan (Kagawa 1978). Okinawans who
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emigrated to the USA and began to consume a more typical Western diet had mortality and
morbidity rates similar to others in the USA (Kagawa 1978). While these studies support the
hypothesis that caloric restriction improves human health and longevity, a number of
methodological flaws weaken the validity of this conclusion (Willcox et al. 2007). However, the
conclusions of this study are supported by subsequent studies using six decades of archived
population data on elderly Okinawans (aged 65 years and older) regarding diet composition,
energy intake, energy expenditure, anthropometry, plasma DHEA, mortality from age-related
diseases, and current survival patterns (Willcox et al. 2007). Willcox et al. found low caloric
intake and negative energy balance, little weight gain with age, life-long low BMI, higher plasma
DHEA levels during aging, low risk of mortality from age related diseases, and survival patterns
consistent with extended mean and maximum lifespan in this cohort (Willcox et al. 2007).
A role of CR in human health is also supported by a study of 60 healthy seniors (average
age of 72 years at the start of the study) who received a dietary regimen averaging 1500 kcal/day
for 3 years, versus an equal number of controls consuming 2300 kcal/day (Vallejo 1957). The
CR group consumed 2300 kcal/day every-other-day, and one liter of milk and 500 g of fruit on
the alternate day. Analysis of these data indicates that CR significantly lowered the rates of
hospital admissions (123 versus 219 days; p<0.001) and numerically lowered deaths (6 versus
13) (Stunkard 1976).
A longitudinal CR study conducted by Walford and colleagues on eight healthy nonobese
humans eating a low-calorie nutrient-dense diet for 2 years in Biosphere 2 (1750-2100 kcal/day),
found 50 CR-related changes in physiologic, hematologic, hormonal, and biochemical
parameters that resemble those of CR rodents and monkeys (Walford et al. 1999; Weyer et al.
2000; Walford et al. 2002).
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More recently, a number of studies have been performed on groups of volunteers
subjected to CR for 6 months or one year. Studies of a group of individuals consuming a
nutrient-rich, low-calorie diet for an average of 6 years (BMI 19.6 +/- 1.9) and age-matched
healthy controls eating typical American diets (BMI 25.9 +/- 3.2) found that the CR group had
markedly reduced serum total cholesterol, low-density lipoprotein cholesterol, ratio of total
cholesterol to high-density lipoprotein cholesterol, triglycerides, fasting glucose, fasting insulin,
C-reactive protein, platelet-derived growth factor AB, and systolic and diastolic blood pressure
(Fontana et al. 2004). Carotid artery intima-media thickness was ~40% lower in the CR group.
High-density lipoprotein cholesterol was higher with CR. Another study of healthy, middle aged
subjects practicing CR, this time for an average of 6.5 years, found lower heart chamber
viscoelasticity and stiffness, lower blood pressure, and lower serum C-reactive protein, tumor
necrosis factor-α, and transforming growth factor-β1 levels than were found in age- and gendermatched controls consuming Western diets (Meyer et al. 2006). Together, these studies suggest
that longer-term CR initiated in older humans reduces blood pressure, systemic inflammation,
myocardial fibrosis, and other risk factors for cardiovascular disease.
Studies resulting from a 3 center, NIA sponsored investigation of human CR, termed
CALERIE (Comprehensive Assessment of Long-term Effects of Reducing Intake of Energy)
investigated the cardiovascular effects of CR and exercise in a one year controlled study of
sedentary, nonobese middle-aged men and women randomly assigned to a 20% CR diet, an
exercise regimen that increased energy expenditure by 20% with no compensatory increase in
energy intake, and controls given only guidelines for a healthy lifestyle. The study found that
both CR and exercise produced similar reductions in coronary heart disease risk factors,
including adipose mass, plasma LDL-cholesterol, total cholesterol/HDL ratio, homeostasis
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model assessment of insulin resistance index, and serum C-reactive protein levels (Fontana et al.
2007). A similar 6 month study using other human volunteers reported very similar results
(Lefevre et al. 2009).
Human CR appears to have effects on sex steroids, insulin, and IGFI that are similar, but
not identical, to those found in rhesus monkeys and rodents. A cross-sectional comparison of
individuals eating a low protein CR diet for an average of 4.4 years (mean BMI 21.3), endurance
runners (mean BMI 21.6), and age- and sex-matched sedentary controls eating Western diets
(mean BMI 26.5) found that especially the low-protein and CR group, but also the runners, had
significantly lower plasma levels of insulin, free sex hormones, leptin, and C-reactive protein,
and higher sex hormone-binding globulin than the control group (Fontana et al. 2006a). A one
year controlled study of sedentary, nonobese middle-aged men and women randomly assigned
one year of exercise training, CR, or a healthy lifestyle control group, found that weight loss
induced by either means produced improvement in glucose tolerance and insulin action (Weiss et
al. 2006). A low-protein, CR diet also reduced plasma IGFI and the ratio of IGFI to insulin-like
growth factor binding protein-3 (IGFBP-32) more than endurance running (Fontana et al. 2006a).
Thus, a low-protein, CR diet reduces risk factors for atherosclerosis, and growth factors and
hormones linked to an increased risk of cancer. Interestingly, CR without a decrease in protein
intake did not reduce serum IGFI levels in humans (Fontana et al. 2006a; Fontana et al. 2008).
This dependence of IGFI levels on protein intake is likely the reason that the Biosphere and
CALERIE studies, which had higher levels of dietary protein, did not detect a decrease in serum
IGFI levels (Walford et al. 2002; Holloszy Fontana 2007; Redman Ravussin 2009).
In a weight loss study, a group of overweight male and female volunteers (mean BMI of
27.5) were subjected to 25% CR diets and a combined diet and exercise regimen for 6 months
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(ending BMI of 24.8). The CR diets and combined diet reduced fasting insulin levels, but not
DHEAS or glucose levels. Core body temperature and sedentary 24-hour energy expenditure
decreased in all the CR groups (Heilbronn et al. 2006). This decrease may be due to the CRrelated decrease in serum T3 concentrations found by Fontana and Holloszy in lean and weightstable healthy humans consuming a nutrient dense, CR diet for 3-15 years (Fontana et al. 2006b).
The decrease is also similar to that found in CR rodents. A decrease in DNA damage and an
increase in muscle mitochondrial DNA and the expression of genes encoding proteins involved
in mitochondrial function has also been reported in muscle biopsies of humans subjected to 6
months of CR or CR and exercise (Heilbronn et al. 2006; Civitarese et al. 2007).
Clear downsides have been identified for CR in humans in addition to the decrease in free
sex hormones and increase in sex hormone-binding globulin mentioned above. Twelve months
of CR or exercise initiated in healthy middle aged men and women (BMI 23.5-29.9) led to a loss
in lean body mass in both groups, but loss of more thigh muscle volume and composite knee
flexion strength in the CR group relative to the exercisers (Weiss et al. 2007). VO2 max also
decreased in the CR group, but increased in the exercisers. One year of CR in humans also
decreased bone mineral density at the total hip, intertrochanter, and spine of the CR group but
not for an age and sex matched group of the exercisers (Villareal et al. 2006). Thus, CR-induced
weight loss reduces muscle mass and physical work capacity, and bone mineral density at
clinically important fracture sites.
Despite the results suggesting that CR can lead to lifespan extension in humans, this
conclusion is not supported by prospective cohort studies of the relationship between BMI and
longevity in humans (see below). These studies and their possible meanings are discussed later
in this review.
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2.1.3. Age and CR responsiveness
Older mice can respond to CR when it is incrementally introduced (Dhahbi et al. 2004).
Ad libitum fed, male, C3B6F1 mice, are poised to begin the accelerated mortality phase of their
lifespan curves at about 19 months of age. If they are shifted to a CR diet at that time, they
rapidly assume a new mortality trajectory which is characterized by fewer cancer-related deaths,
and an increase in both mean and maximum lifespan (Spindler 2005). In these mice, the
decrease in mortality results almost entirely from reduced rates of tumor-associated deaths. The
shift in lifespan is accompanied by a concomitant change in the global patterns of gene
expression in the mice, especially in the liver, to a pattern which recapitulates most key features
of life-long caloric restriction (Dhahbi et al. 2004; Spindler 2005). Likewise, shifting mice from
a life-long CR diet to a control diet at an older age rapidly reverts most CR-specific gene
expression in the heart and liver back to the expression levels found in control fed mice (Dhahbi
et al. 2004; Dhahbi et al. 2006). Thus, some strains of mice appear capable of rapidly shifting to
a CR or control physiological state, even at advanced ages. Whether such shifts occur at
advanced ages for all strains of mice, or for mice older than 19 months of age is not known.
Rats may be less responsive to CR initiated at advanced ages. Restriction of old Long
Evans (18 months old) and F344 x BN F1 hybrid rats (18 and 26 month old) to approximately
one third fewer calories than their control fed littermates produced no increase in longevity
(Lipman et al. 1995; Lipman et al. 1998). Interpretation of these studies is confounded by the
absence of a positive control. No animals in these studies achieved lifespan extension. Thus, it
remains possible that the rats were simply refractory to CR under the conditions used.

16

Short-term CR (STCR) in middle age or older mice and rats improves protein turnover,
upregulates proteasome activity in liver and skeletal muscle, decreases protein carbonyls in liver
mitochondria and skeletal muscle, reduces oxidative DNA damage, and increases carbonyl
modifications in histones to levels found in young animals (Goto et al. 2007). These results
suggest that STCR in middle aged and old rodents produces a wide spectrum of positive effects
on protein metabolism.

2.1.4. CR intensity and the lifespan response
The effects of CR on lifespan appear to be dose-responsive. In a compilation of 24
published survival studies, the increase in survival appears to be inversely proportional to the
decrease in calories (Merry 2002). The gene-expression effects of CR also are dose responsive.
Caloric restriction at 20% or 50% of ad libitum intake proportionately increased insulin receptor
(IR) mRNA and decreased GRP78 (BiP) and GRP94 mRNA in young, middle-aged, and old
mice (Spindler et al. 1990; Spindler et al. 1991).
A frequent confound to such studies is the issue of food consumption by the control
group. Ad libitum feeding is often used for the control group. However, ad libitum intake can
be strongly influenced by the caloric density, palatability, and physical form of the food. We
have observed that mice fed Purina laboratory chow ad libitum tend to be leaner, probably from
eating fewer calories, than mice fed hard packed AIN-93M diet (unpublished observations).
Unfortunately, the number of calories consumed by the ad libitum group is seldom measured or
reported.

2.1.5. CR duration and the lifespan response
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Walford and colleagues reported that the effects of CR on lifespan are proportional to the
length of time on CR, whether the CR period was before weaning, after weaning, early in life, or
after 15 months of age (Cheney et al. 1983). Data compiled from 21 independent studies
confirms that the duration of CR is directly proportional to the increase in longevity in rodents,
irrespective of when CR is begun (Merry 2002). To a first approximation, this relationship
appears to be linear, irrespective of the period of life during which CR is administered (however,
see “Does CR induce a physiological memory”, below and “Age and CR responsiveness”, above)
(Weindruch Walford 1982; Cheney et al. 1983; Yu et al. 1985; Beauchene et al. 1986; Merry
2002; Dhahbi et al. 2004).

2.1.6. Rapidity and reversibility of inducing the “CR state”
The most widely accepted evolutionary explanation for the existence of the CR response
holds that it evolved early in metazoans as an adaptation to boom and bust cycles in the food
supply (see below). A key element of this theory is the idea that animals should be capable of
rapidly switching between the CR and the ad libitum fed state. However, there is relatively little
evidence that this switching occurs. We addressed this question by shifting a cohort of 19 month
old, male, B6C3F1 mice from life-long control feeding to CR (Dhahbi et al. 2004; Spindler
2005). The accelerated mortality phase of the lifespan curve begins soon after 19 months of age
with this mouse strain. Linear-regression and breakpoint analysis could be used to estimate the
length of time required to initiate lifespan extension (Spindler 2005). The lifespan effects of CR
appeared to begin within 8 weeks of its initiation. As mentioned earlier, the extension of lifespan
appeared to be almost entirely due to reduced tumor-related mortality. Because hepatocellular
carcinoma is the major cause of mortality in this strain of mice, later-life CR appears to strongly
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reduce the growth rate of these tumors. In unpublished studies, we have found that preexisting
liver tumors shrink to approximately half their size by 8 weeks after the introduction of CR. This
reduction in tumor size does not appear to involve a reduction in cell division rate (unpublished
results). Thus, late-life CR may increase rates of apoptosis in preexisting liver tumors.
Importantly, the rate of response to CR appears to be organ-specific. In eight weeks,
heart gene expression does not shift as completely from the control to the CR state. Eight weeks
after shifting control mice to CR, relatively few of the changes in cardiac gene expression found
in LTCR mice had been produced (Dhahbi et al. 2006). LTCR refers to CR initiated when an
animal is young and maintained throughout most or all of its remaining lifespan. These results
are similar to those found in the white adipose tissue of mice (Higami et al. 2004). Only a few
LTCR-responsive transcripts were differentially expressed 23 days after a shift to CR. Thus, in
heart and adipose, CR-related gene expression is induced more slowly and/or less completely
after the commencement of CR.

Changes in cardiac physiology, such as reduction of

perivascular extracellular matrix, are only slowly reversible after the introduction of CR (Dhahbi
et al. 2006). Further, age-related cardiomyocyte loss and hypertrophy in the left ventricle
probably cannot be reversed by the introduction of CR in older mice (Dhahbi et al. 2006).
Therefore, not all of the responses to CR are as rapid as its effects on tumor growth.
Using gene-expression as a surrogate for the CR-related physiological state, we attempted
to quantify how rapidly the physiological effects of CR are reversed after the cessation of CR.
Switching old LTCR mice to control feeding was accompanied by an almost complete shift of
the LTCR-responsive genes in the liver and heart to control gene-expression levels within 8
weeks (Cao et al. 2001; Dhahbi et al. 2004; Spindler 2005). These results suggest that mice can
shift rapidly from the CR to the control state.
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As indicated above, the rapidity and reversibility of the CR state are consistent with the
prevailing theory for the adaptive value of CR. It is also consistent with studies performed in
Drosophila showing that the short-term rate of mortality (which determines lifespan in this
species) is rapidly responsive to dietary calories (Mair et al. 2003). Shifting flies from a control
to a CR diet decelerated their short-term risk of death within 2 days, while switching from CR to
control had the reverse effect, also within 2 days. The data from flies and mice suggest that the
effects of CR are either phylogenetically conserved or result from convergent evolution (Mair et
al. 2005). In either case, the rapidity and reversibility of the CR response are adaptive and
integral to its physiological role.

2.1.7. Does CR induce a physiological “memory”?
The results cited above suggest that an interval of CR in young rodents can produce a
“memory” which persists during subsequent control feeding to extend lifespan (reviewed by
Klebanov 2007). In one such study, CD rats subjected to CR between 21 and 70 days of age had
increased life expectancy over rats fed ad libitum throughout their life (Ross 1972). In another
study, Fischer 344 rats fed a 40% CR diet from 1.5 to 6 months of age followed by ad libitum
feeding for the remainder of their life had modestly extended lifespan (Maeda et al. 1985; Yu et
al. 1985). Numerically similar, but not statistically significant, results have been reported for
other rat strains (Nolen 1972; Ross et al. 1993; Merry et al. 2008). In mice, Walford and
colleagues found that preweaning CR, achieved by reducing the opportunity for suckling,
followed by lifelong control feeding, consistently produced a numerically longer mean and/or
maximum lifespan in both B10C3F1 and C57BL/6J mice (Weindruch et al. 1979; Cheney et al.
1980; Cheney et al. 1983).
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An important caveat to the interpretation of the studies cited above is that the early CR
results in a smaller rodent, which consumes less food throughout the remainder of its lifespan,
thereby inducing mild CR and a subsequent increase in lifespan (e.g. Cheney et al. 1980).
Walford and his colleagues noted that in their studies and those of Widdowson, a preweaning
period of CR led to both a slight increase in lifespan and a decrease in average body weight
throughout the remainder of life (Widdowson 1964; Cheney et al. 1980). This effect may lead to
results such as those reported by Grasl-Kraupp, who found that three months of 40% CR early in
life resulted in resistance to nafenopin-induced tumorigenesis during a subsequent 9 month
period of ad libitum feeding (Grasl-Kraupp et al. 1994). Neither food intake nor weights were
reported. Thus, it is highly likely that this memory effect involves an ongoing low level of CR,
and not a more mysterious and persistent physiological change.

2.2. Dietary composition, meal frequency, and lifespan
Balanced diets with altered proportions of fat, protein, carbohydrate, or minerals do not
alter the lifespan of rats, provided no nutrient is limiting. In general, lifespan is robustly
extended when the number of calories consumed is reduced in these balanced diets (Ross Bras
1973; Iwasaki et al. 1988; Masoro 1990). However, severe restriction of dietary protein or
specific amino acids also can extend the lifespan of rodents, independently of caloric intake
(Pamplona Barja 2006).

Protein to carbohydrate ratio can also differentially affect the

distribution of tumors in ad libitum fed and CR rats (Ross Bras 1973). Protein to carbohydrate
ratio also can affect the health and longevity of Drosophila (Mair et al. 2005; Lee et al. 2008;
Skorupa et al. 2008).
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2.2.1. Protein restriction
While some have reported that the restriction of dietary protein in the absence of CR has
a negative effect on survival (Davis et al. 1983), most studies in rodents report that protein
restriction enhances longevity, irrespective of caloric intake (Pamplona Barja 2006). Pamplona
and Barja compiled eleven published studies of the relationship between protein restriction and
lifespan in rats and mice (Pamplona Barja 2006). Ten of the eleven studies in their survey found
that reductions in dietary protein increase maximum lifespan by an overall average of ~20%.
They point out that this extension appears to be about half that frequently reported for LTCR.
Protein restriction shares many of the highly pleiotropic health and physiological effects
of CR in addition to its extension of lifespan. These effects include delayed puberty; decreased
growth; transiently decreased metabolic rate; preserved cell-mediated immunity; reduced
oxidative damage to proteins (Youngman et al. 1992); reduced glomerulosclerosis in mice (Doi
et al. 2001), reduced nephropathy and cardiomyopathy in rats (Maeda et al. 1985); enhanced
hepatic resistance to toxic and oncogenic insult (Rodrigues et al. 1991), and decreased
preneoplastic lesions and tumors.
In Drosophila, protein restriction (achieved by a reduction in the concentration of yeast in
the diet) has a greater effect on lifespan than the restriction of dietary carbohydrate (achieved by
a reduction in the concentration of carbohydrate) (Mair et al. 2005). However, such studies in
Drosophila are confounded by uncertainties about the relationship between food dilution and
caloric intake (Carvalho et al. 2005; Mair et al. 2005; Min et al. 2007). Further, in Drosophila,
olfaction appears to be a key method of sensing nutrient availability (Libert et al. 2007). The
odor of yeast can partially reverse lifespan extension by food dilution-related CR (Libert et al.
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2007).

Thus, food dilution may involve determinants of lifespan distinct from an actual

reduction in calories consumed.
Serum IGFI levels are reduced in rodents by either CR or protein restriction. The IGFI
signaling pathway and its homologues are regulators of longevity in C. elegans, Drosophila, and
mice (Kenyon 2005; Russell Kahn 2007; Bartke 2008a). However, in humans, 1 to 6 years of
CR without protein restriction had no effect on total or free serum IGFI levels or the IGFI to
IGFBP-3 ratios (Fontana et al. 2008).

In contrast, CR with accompanying mild protein

restriction did reduce serum IGFI levels and the IGFI to IGFBP-3 ratios (Fontana et al. 2008).
Thus, reduced protein intake may be required for CR-mediated lowering of IGFI levels in
humans. Partial loss-of-function mutations in the IGFI receptor (IGFR) gene are overrepresented
among centenarians compared with controls, suggesting IGFI signaling is involved in human
longevity (Suh et al. 2008). Reduced tumor-associated mortality should be one benefit of
reduced IGF-I signaling (see Sections 2.7. to 2.7.2., below). Therefore, lower protein diets may
be important for the potential longevity benefits of CR in humans.
Long-term CR in adult humans also decreases serum T3, a powerful mitogen for some
cell types (Fontana et al. 2006b). This may be another mechanism by which CR reduces basal
metabolic rate and core body temperature in humans, and thereby reduces cancer incidence and
tumor growth in rodents.

2.2.2. Tryptophan restriction
In rodents, restriction of specific amino acids can extend longevity. Thirty and 40%
reductions in dietary tryptophan produce elevated initial mortality, but delayed later-life
mortality in the survivors, leading to an increase in maximum lifespan (from 30.5 months in
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control rats to 36.3 months in tryptophan restricted rats) (Segall Timiras 1976; Segall 1979;
Timiras et al. 1984). This does not appear to be a simple CR effect, since the tryptophan
restricted rats and mice consume slightly more food than controls (De Marte Enesco 1986a).
Low tryptophan diets appear to decrease multiple biomarkers of aging in rats and mice.
These diets delay reproductive senescence (Segall Timiras 1976; Segall et al. 1983), senescentrelated deterioration of the coat in female rats (Segall Timiras 1976), age-related tumor onset in
rats and mice (Segall Timiras 1976; De Marte Enesco 1986b), and senescence-associated loss of
temperature homeostasis in rats (Segall Timiras 1975). For example, female rats fed a low
tryptophan diet from 3 weeks of age and returned to a control diet at older ages were capable of
producing offspring at 28 months of age (Segall Timiras 1976). No control fed rats were capable
of having litters after 17 months of age. Tryptophan restricted mice also enjoy a slight (~10%)
numerical increase in lifespan at most ages, although it is unclear whether this increase is
statistically significant (De Marte Enesco 1986a).
The initial increase in mortality after the introduction of low tryptophan diets is
reminiscent of the early mortality reported for dwarf mice (Fabris et al. 1971; Shire 1973) and
older mice abruptly shifted to CR in old age (Weindruch Walford 1988). In these cases, elevated
mortality appears to result from animal husbandry. Caging of dwarf mice with retired breeders
led to extended, rather than shortened lifespans, as did a more gradual introduction of CR in
older mice (Weindruch Walford 1982; and see below).

2.2.3. Methionine restriction
Restriction of dietary methionine by 80% also reproduces many of the physiological
effects of CR. The effects of methionine restriction are robust. It has extended lifespan in four
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strains of rats and one mouse strain (Orentreich et al. 1993; Miller et al. 2005; Komninou et al.
2006; Malloy et al. 2006; Pamplona Barja 2006). Like CR, methionine restriction produces
highly pleiotropic effects on the health and physiology of rodents.

Methionine restriction

preserves insulin sensitivity; decreases preneoplastic, aberrant crypt foci induced by
azoxymethane treatment; prevents age-associated increases in serum lipids; reduces visceral fat
mass, IGFI, basal insulin, glucose, and leptin levels; and increases serum adiponectin levels
(Malloy et al. 2006). Methionine restriction produces these effects without an apparent reduction
in calorie intake (Malloy et al. 2006). Disrupted IGFI signaling produces many of these same
effects on physiology and lifespan (Bartke 2005).

2.2.4. Mechanisms of lifespan extension by protein, methionine, and
tryptophan restriction
Relatively little is known about the molecular mechanisms for the physiological effects of
protein or specific amino acid restriction. Methionine restriction, CR, and mutations that disrupt
GH signaling reduce the blood levels of insulin, glucose (Masoro et al. 1992; Dhahbi et al.
2001), IGFI (Oster et al. 1995; Sonntag et al. 1999), and thyroid hormones (Weindruch Walford
1988) relative to the appropriate control groups (Miller et al. 2005; Bartke et al. 2008).
Decreased plasma glucose levels do not appear to be an important factor in the antiaging action
of CR (McCarter et al. 2007). However, their similar regulation of several endocrine systems
suggests that they may share this mechanism of action. Protein and amino acid restriction may
extend lifespan by directly altering the rate or accuracy of translation or protein processing
(Reviewed in Kaeberlein Kennedy 2008; Tavernarakis 2008), patterns of DNA methylation,
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glutathione levels (Richie, Jr. et al. 1994), stress resistance (Miller et al. 2005), or hormesis
(Gems Partridge 2008).
The rate of translational initiation or elongation appears to be intimately involved in
lifespan regulation (Tavernarakis 2008). Tryptophan and methionine are both essential amino
acids, and methionine is the initiating amino acid for translation. Further, protein restriction may
limit the amount of essential amino acids available for protein synthesis. Downregulation of
protein translation in response to reduced nutrient availability is a highly conserved longevity
pathway for invertebrates (Kaeberlein Kennedy 2008; Tavernarakis 2008). Deceleration of
protein translation robustly extends the lifespan of C. elegans (Hansen et al. 2007; Pan et al.
2007; Syntichaki et al. 2007). Eight of 25 longevity-related genes conserved between yeast and
C. elegans modulate protein translation [including target of rapamycin (TOR), ribosomal protein
S6 kinase (S6K), large subunit ribosomal proteins, and translation initiation factors] (Smith et al.
2008). Thus, a single nutrient-responsive longevity pathway may be conserved downstream of
TOR, a nutrient-responsive protein kinase (Kaeberlein Kennedy 2008).
Downregulation of protein synthesis may redirect dietary energy away from reproduction
and toward repair; thereby reducing protein aggregation and proteotoxicity through decreased
demands on the chaperone, repair and degradation pathways (Kaeberlein Kennedy 2008). It
may also enhance the relative rate of turnover of whole body protein through enhanced
proteasomal degradation, autophagy, and (in mitotic tissues) apoptosis (Spindler Dhahbi 2007;
Cuervo 2008; Kaeberlein Kennedy 2008). CR increases the rate of protein and lipid turnover in
mitotic and postmitotic tissues, and cell turnover in mitotically competent tissues (Reviewed in
Spindler Dhahbi 2007).
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2.2.5. Meal frequency and intermittent fasting
The effects of CR are sufficiently robust that meal frequency and composition are not
crucially important to its actions. Lifespan is extended by CR in rodents whether food is
presented three times per week (Cheney et al. 1983), as a single daily meal (Nelson Halberg
1986), or as 2 (Masoro et al. 1995) or 6 meals per day (Nelson Halberg 1986). A dietary
paradigm sometimes termed “every-other-day feeding” (EOD) or “intermittent fasting” has been
reported to extend rodent lifespan since the mid 1940’s (Carlson Hoelzel 1946; Goodrick et al.
1983). Although it has been studied as a dietary paradigm distinct from CR, more recent studies
measuring food intake have shown that EOD induces mild (~20%) CR (e.g. Caro et al. 2008).
Not surprisingly, the effects of EOD feeding are very similar to those of mild CR. They include
a lower incidence of diabetes, lower fasting blood glucose and insulin concentrations, and other
effects comparable to those of CR (Reviewed in Varady Hellerstein 2007).
In humans, reduced meal frequency may have detrimental health effects. A randomized,
crossover study in normal weight humans used two 8-week periods during which subjects
consumed sufficient calories to maintain their weight as either one or as three meals per day
(Stote et al. 2007). Subjects consuming one meal per day had significant increases in blood
pressure and total LDL- and HDL-cholesterol. No significant effects were found on heart rate,
body temperature, or most other blood variables. Thus, reduced meal frequency in normal
weight humans may produce adverse effects on serum LDL-cholesterol and blood pressure.

2.2.6. Specific nutrients, drugs, and lifespan.
In general, the literature describing the testing of specific nutrients and drugs on the
lifespan of rodents is seriously confounded (Reviewed in Spindler 2009). Few if any nutrients
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or drugs have been unequivocally shown to extend the lifespan of healthy rodents. Most such
studies do not control, measure, or report caloric consumption or animal weights. Some studies
claim that weights are unchanged without providing any details. Therefore, it is unclear at what
age(s) the weights were determined, the number of determinations made, or the statistical
significance of the data. Thus, the effects of “voluntary” CR cannot be excluded as a source of
the lifespan effects. See section 2.21. for further discussion of these issues. Because of the
confounded nature of the literature, few nutrients have been shown to lengthen the lifespan of
healthy rodents fed a balanced diet.
There are unconfirmed reports that deprenyl and Dinh lang root extract extend the
lifespan of healthy mice (Yen Knoll 1992), and that dinitrophenol slightly extends the median
and mean lifespan of normal, but relatively short lived mice (Caldeira da Silva et al. 2008). Only
6 others report extended longevity and no change in body weight (with data and data analysis
methods shown) as a surrogate measure of food consumption. These 6 treatments are: 2mercaptoethanol administered orally to male BC3F1 mice (Heidrick et al. 1984); cornstarch vs.
sucrose-containing diets fed to Fischer 344 rats (Murtagh-Mark et al. 1995); deprenyl fed to
Syrian hamsters (Stoll et al. 1994; Stoll et al. 1997); ginkgo biloba extract administered orally to
male Fischer rats (Winter 1998); green tea polyphenols administered in drinking water to male
C57BL/6 mice (Kitani et al. 2007); PBN fed to C57BL/6J male mice (Saito et al. 1998), and
piperoxane administered by injection to Fischer 344 rats (Compton et al. 1995). A larger group
of studies (Spindler 2009) report that lifespan is increased without a change in either food
consumption and/or body weight.

But, either no data are given or the data shown are

uninformative. For example, in several studies rodent weights were measured only at the start of
the supplement feeding; in others there is no indication of when or how many times during the
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study that body weights or food consumption were measured, or what statistic was used to
analyze the data. Examination of the literature suggests that several of these studies lack
sufficient statistical power to detect a 10% change in body weight, and even a small decrease in
caloric consumption can lead to lifespan extension in rodents (Compton et al. 1995; Merry
2002).

A supplement that increases water intake or retention, reduces oxygen utilization

(metabolic rate), or enhances fat storage could mask changes in calorie consumption. The only
way to unequivocally insure that food consumption is unchanged by a treatment is to feed a
known amount of food and monitor its consumption.
Notable among the recent studies for which neither body weights nor food consumption
are reported are the studies resulting from the NIA Interventions Testing Program (Harrison et al.
2009; Strong et al. 2008; Miller et al. 2007). Reports from these studies include statements to the
effect that “body weights were unchanged”, but no data or details are given.
2.3. Evolutionary origin of the health benefits of CR
A study performed using bowl and doily spiders provides a striking example of the
evolutionary conservation of the CR response (Austad 1989). The mean adult lifespan of the
spiders was about 42, 64, or 81 days when they were allowed to consume five, three, or one
Drosophila per day. As discussed, the longevity and health effects of CR are conserved in
species from three Kingdoms and four phyla within Animalia (see section 2.1.). Thus, CR is
either an ancient trait which has been selectively retained after arising early in evolution, or a
trait that has arisen multiple times in a wide range of species.
The most widely accepted theory for the plasticity of lifespan and the similarities of the
CR response among species is that it allows individuals to shift energy usage away from growth
and reproduction and towards maintenance and stress resistance during times of nutritional stress
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(Holliday 1989; Masoro Austad 1996; Kirkwood Austad 2000).

CR delays reproductive

maturation; reduces reproductive hormone levels, reproductive behavior, and fertility in adults;
and limits the number of offspring (see sections 2.5. and 2.6., below). When the food supply is
restored after a period of CR (as in the Spring, for example) refeeding rapidly returns animals to
fertility. The lifespan and other physiological effects of CR also appear to be induced and to
dissipate rapidly in response to its initiation and termination (Mair et al. 2003; Dhahbi et al.
2004).

2.4. Longevity mutations and the molecular mechanisms of CR
The search for the mechanisms of action of CR received a major boost when it became
clear that downregulation or knockout of gene orthologue of the insulin and IGFI signaling
systems could produce greater longevity in C. elegans, Drosophila, and mice (Kenyon 2005;
Russell Kahn 2007; Bartke 2008a). These hormone systems also are downregulated by CR in
rodents, monkeys and humans (see sections 2.1.2., 2.2.1., 2.2.3., 2.2.4., 2.7. and 2.7.2.). Ames
dwarf mice, which are homozygous for a loss-of-function mutation at the Prop1 (prophet of Pit1)
locus, exhibit 40 to 70% increases in mean and maximum lifespans compared with their
phenotypically normal or non-mutant siblings (Brown-Borg et al. 1996). The Ames mutation
ablates anterior pituitary cell lineages, leading to a combined endocrine abnormality that includes
low levels of circulating GH, IGFI, thyroid-stimulating hormone, thyroid hormones, and
prolactin (Sornson et al. 1996). In Ames and Snell mice, the absence of these hormones
postpones many degenerative, age-related changes in physiology, including the development of
neoplastic diseases, immune system decline, and collagen cross-linking (Flurkey et al. 2001;
Ikeno et al. 2003). Snell dwarf mice, which are homozygous for a loss-of-function mutation in
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the Pit1 locus, are deficient in the same anterior pituitary cell types and hormones as the Ames
mice, and have an essentially identical longevity and physiological phenotype (Flurkey et al.
2001). Genome wide microarray studies suggest that CR and the Ames mutation affect many of
the same genes, pathways, and processes in the liver (Tsuchiya et al. 2004). Ames mice can also
respond to CR with further extended lifespan (Bartke et al. 2001). Such data are sometimes
mistakenly thought to indicate that CR and the Ames mutation act on distinct signaling and genic
pathways. On both theoretical (Gems et al. 2002) and experimental (Tsuchiya et al. 2004)
grounds, it is likely that CR and insulin/IGFI signaling use many of the same molecular
pathways to extend health and lifespan in mammals.
Among the affected endocrine signaling systems, the IGFI system is likely important for
the mammalian CR response. CR strongly downregulates IGFI levels in mammals. Growth
hormone receptor knockout (GHRKO) mice have robustly extended lifespan and reduced IGFI
levels (Coschigano et al. 2003). Mice homozygous for a loss-of-function mutation in the GH
releasing hormone receptor gene, termed little mice (Lin et al. 1993), have reduced GH levels
and a ~25% increase in lifespan compared to congenic controls (Flurkey et al. 2001). However,
IGFR knockout mice do not have a robust longevity phenotype.

Only female mice with

heterozygous deletion of the IGFI receptor have extended lifespan (~25% extension) compared
to their phenotypically normal siblings (Holzenberger et al. 2003). Males have no increase in
lifespan. These results suggest that in addition to the IGFI signaling pathway, other signaling
systems perturbed in the Ames, Snell, and GHRKO mice may also contribute to the lifespan
response of CR. Alternatively, while Ames, Snell and GHRKO mice have systemically reduced
IGFI levels, autocrine or paracrine production of IGFI in other cells and organs, such as brain,
may continue and contribute to the health and longevity of these mice. In contrast, abrogation of
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the local as well as systemic IGFI action by knockout of the IGFR gene may reduce the overall
fitness of the mice by preventing the autocrine and paracrine, as well as the endocrine, actions of
IGFI.
Further evidence for the importance of insulin and IGFI signaling in regulating lifespan is
evident in studies of the Klotho gene. Mice that overexpress Klotho live 31% (males) and 19%
(females) longer than congenic, normal controls (Kurosu et al. 2005). An alternative splice
product of the Klotho gene encodes a circulating protein which blocks autophosphorylation of
the occupied IGFI receptor and promotes dephosphorylation of activated insulin and IGFI
receptors, thereby inhibiting their downstream signaling (Kurosu et al. 2005).
Direct disruption of downstream insulin and IGFI signaling also increases the lifespan of
mice, Drosophila, and C. elegans. Female (but not male) mice carrying a homozygous knockout
of the insulin receptor substrate (IRS)-1 gene live 32% longer than wild type, congenic controls
(Selman et al. 2008). These mice have no change in food consumption relative to controls.
While these authors found that homozygous and heterozygous knockout of the IRS-2 gene had
no effect on lifespan (Selman et al. 2008), others report that knockout mice with reduced IRS-2
levels throughout the body or just in the brain, have an ~18% increase in lifespan (Taguchi et al.
2007). Surprisingly, the long-lived IRS-1 and -2 knockout mice from the studies above have
lifelong insulin resistance, which is the opposite of that found with most longevity paradigms. In
Drosophila, mutational inactivation of the chico gene, which encodes a fly homologue of the IRS
1 through 4 genes, reduces insulin/IGFI signaling, produces a dwarf phenotype, and extends
lifespan (~50% extension) (Clancy et al. 2001). Thus, multiple methods of reducing insulin/IGFI
signaling appear able to extend animal lifespan, even when they produce increased insulin
resistance, which is normally associated with reduced lifespan. Consistent with the evidence for

32

the importance of insulin and IGFI signaling in mammalian longevity, reductions in signaling
through the TOR pathway using a variety of approaches extend lifespan in yeast (Kaeberlein et
al. 2005b; Powers, III et al. 2006), C. elegans (Vellai et al. 2003; Jia et al. 2004), Drosophila
(Kapahi et al. 2004), and perhaps mice (Harrison et al. 2009) (see below).
Reduced GH receptor signaling itself may be important for the longevity effects of CR
independent of its effects on IGFI levels.

GHRKO mice, which have very low levels of

circulating IGFI and insulin, and disrupted GH receptor signaling, have significantly extended
lifespans (Coschigano et al. 2000). However, GHRKO mice are unresponsive to either ~15 or
~30% CR (Bonkowski et al. 2006; Bonkowski et al. 2009). As indicated above, Ames dwarf
mice are CR responsive, while also having reduced GH, IGFI and insulin signaling. However,
Ames mice also have reduced prolactin, thyrotropin and thyroid hormone levels. Thus, the lack
of a CR response in GHRKO mice could be due to the presence of prolactin or thyroid hormone.
However, this seems unlikely, since CR leads to a reduction in these hormones. Thus, ablation
of GH signaling appears to ablate the mammalian longevity response to CR (Bonkowski et al.
2006). Bartke and his colleagues suggest that this lack of a CR response in GHRKO mice may
be related to the failure of CR to increase down stream insulin signaling (sensitivity) in the
muscle or liver of these mice (Bonkowski et al. 2009).

2.5. CR and specific signaling systems
A number of transcription factors and transcriptional co-activators have been implicated
in the health and longevity effects of CR. Among these, perhaps none have received more
attention to date than SirT1 (silent mating type information regulation 2 homolog S. cerevisiae),
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PGC-1α (peroxisome proliferator activated receptor γ co-activator-1-α), and AMPK (AMPactivated protein kinase). We will consider the evidence for this involvement below.

2.5.1. SirT1
Orthologues of the Sir gene encode a family of NAD-dependent protein deacetylases
which are termed “sirtuins” (Imai et al. 2000; Landry et al. 2000). Under some conditions,
sirtuins appear to be required for lifespan extension by CR in yeast (Lin et al. 2000),
Caenorhabditis elegans (Wang Tissenbaum 2006), and Drosophila (Rogina Helfand 2004).
Further, an additional copy of the orthologous gene can increase lifespan of yeast (Kaeberlein et
al. 1999), C. elegans (Tissenbaum Guarente 2001), and Drosophila (Rogina Helfand 2004) by
18% to 50%. However, the relationship between lifespan and these sirtuin orthologues is
complex, and still poorly understood, even in yeast. For example, at 0.5% glucose, which is
defined as CR in some yeast studies, lifespan extension appears to require Sir2 (the yeast
orthologue of SirT1) and nicotinamide adenine dinucleotide (NAD) (Lin et al. 2000). However,
at 0.05% glucose, replicative lifespan may be extended by a Sir2-independent mechanism
(Kaeberlein et al. 2004; Kaeberlein et al. 2005a). Further, CR-related activation of Sir2 in S.
cerevisiae has been thought to increase replicative lifespan by silencing ribosomal DNA, thereby
supressing the generation of extrachromosomal rDNA circles by recombination during DNA
replication. Accumulation of these circles reduces the replicative lifespan in yeast. However,
two recent studies have challenged these assumptions (Riesen Morgan 2009; Smith et al. 2009).
In both studies, CR-mediated repression of rDNA recombination (accomplished using 0.05 or
0.5% glucose) was shown to be independent of the silencing of rDNA and other DNA loci by
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Sir2. Thus, the role of Sir2 and gene silencing in determining the replicative lifespan of yeast
remains to be clarified.
The mammalian SirT1 sirtuin gene is the closest human ortholog to the yeast Sir2 gene.
It encodes a sirtuin that deacetylates transcription factors and coactivators with key roles in
metabolism and stress resistance, including p53 (Vaziri et al. 2001), FOXO (Brunet et al. 2004;
Motta et al. 2004), PGC-1α (peroxisome proliferation activating receptor-γ coactivator-1α)
(Rodgers et al. 2005), and NF-κB (nuclear factor-κB) (Yeung et al. 2004). For example, PGC-1α
is activated when it is deacetylated by SirT1. The potential role of SirT1 in aging and CR is even
less defined than that of Sir2 in yeast. CR does not extend the lifespan of SirT1 null mice (Chen
et al. 2005). However, the meaning of this observation is unclear. SirT1-null mice have
multiple, severe abnormalities (McBurney et al. 2003; McBurney et al. 2003). They are small,
with developmental defects of the retina and heart. On an inbred background, they usually do
not survive postnatally (Cheng et al. 2003). On an outbred genetic background, most do survive
to adulthood (McBurney et al. 2003). But, these mice are small and sterile, with craniofacial
abnormalities, and an eyelid inflammatory condition. They are hypermetabolic, utilize ingested
food inefficiently, have inefficient liver mitochondria, and have elevated rates of lipid oxidation
(Boily et al. 2008). The absence of lifespan extension in these mice has been interpreted as
evidence that SirT1 is mechanistically required for the CR response (Haigis Guarente 2006).
However, it is equally possible that the molecular pathways engaged by CR are functional in
SirT1-null mice, but are already fully induced by the stress caused by the gene knockout
(Schumacher et al. 2008). For example, Schumacher et al. showed that while mice carrying
knockins of human DNA repair-deficient progeroid syndrome genes die prematurely, they
strongly induce a genome-wide pattern of gene-expression which is highly homologous to the
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gene expression patterns found in long-lived CR mice, Ames and Snell dwarf mice, CR-Ames
dwarf mice, and growth hormone receptor knockout mice (Schumacher et al. 2008).

The

endocrine, metabolic, and gene expression changes induced by these longevity manipulations
appear to induce a “survival”-related genetic program which is also induced in the progeroid
mice. The SirT1 knockout mice may also induce this survival response, but the severity of their
enfeeblement is not surmounted by the response.

2.5.2. PGC-1α
The mitochondrial capacity for oxidative phosphorylation (ATP production) declines
with advancing age in human skeletal muscle (Short et al. 2005). This decrease is accompanied
by an age-related decline in muscle mitochondrial number and function (Short et al. 2005).
Because mitochondria participate in glucose and lipid catabolism, mitochondrial dysfunction
reduces muscle carbohydrate and lipid uptake and catabolism, thereby increasing systemic
dyslipidemia and hyperglycemia (Petersen et al. 2007; Kim et al. 2008). These changes appear
to be integral to the age-related development of insulin resistance and metabolic syndrome
(Eckel et al. 2005; Petersen et al. 2007; Kim et al. 2008). Metabolic syndrome aggravates agerelated inflammation, hypertension, and cardiovascular disease (Kim et al. 2008).
PGC-1α is a transcriptional co-activator and a central regulator of mitochondrial
biogenesis, oxidative phosphorylation, hepatic gluconeogenesis, fatty acid oxidation, and muscle
fiber type (Puigserver et al. 1998; Lopez-Lluch et al. 2008; Scarpulla 2008; Ventura-Clapier et
al. 2008; Canto Auwerx 2009). PGC-1α interacts with and integrates the activities of a diverse
set of key transcription factors, including PPARα, NRF-1, NRF-2, ERRx, and mtTFA
(Puigserver et al. 1998; Puigserver et al. 1999; Schreiber et al. 2004; Gleyzer et al. 2005).
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Through such interactions, an increase in PGC-1α level or activity upregulates mitochondrial
biogenesis, fatty acid oxidation, and muscle fiber type switching to type I fibers, which have a
higher mitochondrial content and oxidative rate than type IIb fibers (Puigserver et al. 1998; Wu
et al. 1999; Vega et al. 2000; Canto Auwerx 2009). The induction of PGC-1α expression may
also have a salutary effects on the survival of some cell types.

For example, lentiviral

overexpression of PGC-1α in the striatum protects neurons from atrophy in the R6/2 mouse
model of Huntington’s disease (Cui et al. 2006).
The activity of the PGC-1α gene is regulated by CREB (cAMP response element-binding
protein) coactivator TORC (transducer of regulated cAMP response element-binding protein)
family members (Wu et al. 2006). TORC 1, 2, and 3 strongly induce PGC-1α expression in
skeletal muscle cells (Wu et al. 2006).

This leads to upregulation of the mitochondrial

respiratory chain and tricarboxylic acid cycle genes, increasing cellular respiration and fatty acid
oxidation (Wu et al. 2006).
CR maintains PGC-1α levels in muscle during aging, thereby preserving mitochondrial
function and biogenesis (Baker et al. 2006; Hepple et al. 2006). Maintenance of skeletal muscle
PGC-1α levels may involve signals originating in the hypothalamus. CR and the longevityrelated dwarf mutations inhibit fatty acid catabolism and inhibit fatty acid biosynthesis (Tsuchiya
et al. 2004; Spindler Dhahbi 2007). Pharmacologic inhibition of fatty acid synthase has been
shown to increase the number of mitochondria in white and red (soleus) skeletal muscle by
increasing the level of malonyl-CoA (the substrate of fatty acid synthase) in the hypothalamus
(Cha et al. 2006). This malonyl-CoA accumulation increases signaling through the sympathetic
nervous system to the skeletal muscle. In the muscle, this signaling induces the expression of the
β-adrenergic signaling molecules norepinephrine, β3-adrenergic receptor, and cAMP, thereby
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inducing PGC-1α and estrogen receptor-related receptor-α expression, and mitochondrial
biogenesis (Cha et al. 2006, and references therein). Exercise induces mitochondrial biogenesis
in muscle through a signaling cascade beginning with elevated intracellular free calcium and
culminating in enhanced PGC-1α activity (Wu et al. 2002).

2.5.3. AMPK
Like PGC-1α, reduced skeletal and heart muscle AMPK activity may have a key role in
the decline in mitochondrial biogenesis, insulin sensitivity, and lipid metabolism in older animals
and humans (Qiang et al. 2007; Reznick et al. 2007). As reviewed above, age-related reductions
in mitochondrial number and function contribute to dysregulated intracellular lipid metabolism,
which leads to increased insulin resistance in older animals and humans (Petersen et al. 2003).
In skeletal muscle cells, increased AMPK activity enhances fatty-acid oxidation by directly
phosphorylating and activating PGC-1α and acetyl-CoA carboxylase 2 (ACC2) (Merrill et al.
1997; Winder et al. 2006; Jager et al. 2007).
Enhanced AMPK signaling is capable of extending the lifespan of C. elegans,
Drosophila, and yeast (Tschape et al. 2002; Apfeld et al. 2004; Harkness et al. 2004). However,
its involvement in the lifespan effects of CR in these organisms remains uncertain. For example,
overexpression of the C. elegans ortholog of the AMPKα subunit, aak-2, increases C. elegans
lifespan (Apfeld et al. 2004). However, while aak-2 is required for the lifespan effects of daf- 2
(insulin/IGF-I-like) mutations, it is not required for the lifespan effects of eat-2 mutants, which
are thought to induce CR (Curtis et al. 2006).
The mammalian AMPK is a heterotrimer of a catalytic α subunit and two regulatory β
and γ subunits (Hardie et al. 2003; Carling 2004). There are multiple genes for each of these

38

subunits (α1, α2, β1, β2, γ1, γ2, γ3). The use of alternative promoters and splice sites for these
subunits further increases the structural complexity of the kinase. In mammals, AMPK is
allosterically activated by AMP, and is therefore responsive to the intracellular ratio of AMP to
ATP (Hardie et al. 2003; Hardie et al. 2003). In mammals, energy deficits result in elevated
intracellular AMP, which binds to AMPK and increases its interaction with LKB1, which is itself
a kinase. This interaction leads to phosphorylation and activation of AMPK. This activation
initiates a signaling cascade which stimulates glucose uptake and fatty acid oxidation, and
downregulates energy-requiring processes such as protein synthesis in cultured skeletal muscle
cells (Alessi et al. 2006). The phosphorylation and activation of TSC2 (tuberous sclerosis 2
protein) by activated AMPK also can protect cultured HEK293 (human embryonic kidney 293)
cells (an adenovirus-DNA transformed cell line) from energy deprivation-induced apoptosis,
suggesting that AMPK also can enhance cell survival (Inoki et al. 2003).
AMPK also responds to, and regulates, food intake and systemic energy expenditure by
responding to hormonal signals in the central nervous system and peripheral tissues (Kahn et al.
2005). AMPK activity is induced by the systemically active cytokines leptin and adiponectin,
which are also termed adipokines, since they are secreted by adipose. The AMPK pathway is
required for the metabolic- and insulin-sensitizing actions of these adipokines. Leptin selectively
stimulates threonine 172 (Thr-172)-phosphorylation of the AMPK α2-catalytic subunit in
skeletal muscle, activating it (Minokoshi et al. 2002). Stimulation involves an early, direct effect
of leptin on muscle, as well as an indirect, more sustained activation involving the action of the
hypothalamic-sympathetic nervous system on α-adrenergic receptors, leading to fatty acid
oxidation in muscle (Minokoshi et al. 2002). Adiponectin stimulates AMPK phosphorylation
and activity in muscle and liver in vivo and in vitro (Yamauchi et al. 2002). In muscle, AMPK
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activation is required for adiponectin responsive stimulation of fatty acid oxidation and glucose
transport (Yamauchi et al. 2002).

In liver, AMPK activation is required for adiponectin-

responsive inhibition of PEPCK, glucose-6-phosphatase, and hepatic glucose production
(Yamauchi et al. 2002). AMPK also regulates food intake by responding to hormonal and
nutrient signaling in the hypothalamus (reviewed by Kahn et al. 2005).
Because mammalian AMPK is responsive to cytokines, fasting is a potent inducer of its
activity.

Just 6 hours of food deprivation in rats increases the level of the Thr-172-

phosphorylated, AMPK α-subunit in gastrocnemius muscle by approximately 4-fold (de Lange et
al. 2006). Fasting also increases the level of nuclear PGC-1α and PPARγ (de Lange et al. 2006).
AMPK is also activated by exercise (Zhou et al. 2001).
However, CR does not produce effects on AMPK activity similar to those produced by
fasting. In mice, LTCR does not change AMPKα1 or -α2 activities measured in cell-free
extracts of heart or skeletal muscle (Gonzalez et al. 2004b). Consistent with this result, LTCR
has little effect on the level of Thr-172-phosphorylated AMPKα in the quadriceps femoris
muscle of Wistar rats (To et al. 2007). CR has been reported to increase AMPK activity
measured in cell-free liver extracts by approximately 20% (Gonzalez et al. 2004b). However,
others reported that CR decreases levels of Thr-172-phosphorylated AMPKα in the liver of
Wistar rats (To et al. 2007).

STCR is reported to increase myocardial levels of Thr172-

phosphorylated AMPKα in both young and old male Fischer 344 rats (Shinmura et al. 2005).
Thus, CR appears to have little or no effect on AMPK activity in skeletal muscle and liver, but
may increase its activity in rat heart.
AMPK is activated in mammals by metformin treatment and by exercise (Zhou et al.
2001; Hadad et al. 2008). Metformin is a small-molecule biguanide which increases peripheral
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insulin sensitivity (Widen et al. 1992), increases glucose uptake in skeletal muscle (Galuska et al.
1991; Hundal et al. 1992), decreases hepatic gluconeogenesis (Johnson et al. 1993; Hundal et al.
2000), and inhibits the activity of complex I of the mitochondrial respiratory chain (El Mir et al.
2000; Owen et al. 2000; Detaille et al. 2002; Zou et al. 2004). Metformin therapy reduces blood
glucose levels in type 2 diabetics, and inhibits the development of metabolic syndrome (Orchard
et al. 2005). Metabolic syndrome is associated with increased cardiovascular- and diabetesassociated morbidity and mortality. At least a part of the physiological pathways engaged by CR
also appear to be targeted by metformin. Eight weeks of oral metformin treatment of old mice
reproduces approximately 75% of the genome-wide, gene expression changes produced by either
LTCR or 8 weeks of CR (Dhahbi et al. 2005).
Metformin usage may be associated with a reduced risk of cancer in humans and animals.
A small-scale, population-based, case-control study found that diabetics who take metformin are
23% less likely to get cancer compared with those taking sulfonylurea (Evans et al. 2005). The
risk was reduced by 40% for people who took the drug for a longer time. A second population
based cohort study found that new users of metformin had a significantly reduced risk of cancer
mortality relative to those using sulfonylureas or exogenously administered insulin (Bowker et
al. 2006). However, these studies do not distinguish the potential pro-cancer effects of elevated
insulin exposure in the sulfonylurea and insulin treated groups from the putative protective
effects of metformin on the development of cancer.
Chronic administration of metformin to female, transgenic HER-2/neu mice, which are a
breast-cancer model, increase their mean and maximum life span by 8% and 13%, respectively
(Anisimov et al. 2005a; Anisimov et al. 2005b). However, metformin treatment also decreased
their food consumption at 4 and 6 mo of age, suggesting that “voluntary CR” may be the source

41

of this anticancer response. SHR mice, a normal but short-lived strain, experience nearly a 38%
and 21% increase in mean and maximum lifespan when chronically treated with metformin
(Anisimov et al. 2008). However, metformin also decreased food consumption in these studies,
suggesting CR may be responsible for at least a part of the lifespan effects. In another study, a
low dose of metformin increased the survival of male R6/2 mice (a short-lived, transgenic model
of Huntington's disease) by approximately 20% (Ma et al. 2007). However, food consumption
was not monitored and the weights of the animals change with age. Phenformin, a biguanide
which is structurally and functionally closely related to metformin, extended the lifespan of C3H
mice by ~23% and reduced tumor incidence by 80% (Dilman Anisimov 1980; Anisimov et al.
2003). Again, food consumption was not reported. Recent studies have shown that metformin
inhibits breast cancer cell growth, colony formation, and induces cell cycle arrest in vitro
(Alimova et al. 2009). These results are consistent with the idea that activation of AMPK by
metformin may reduce cancer-related mortality. However, it remains to be shown that either
metformin or phenformin can extend lifespan independently of CR (Reviewed in Spindler 2009).

2.5.4. TOR
TOR is a nutrient-responsive protein kinase that integrates signals from growth factors,
hormones, nutrients, and cellular energy to regulate (depending on species and cell type) cell
growth (protein translation), proliferation, survival, translation, nutrient transport, endocytosis,
glycogen accumulation and autophagy (Wullschleger et al. 2006; Arsham Neufeld 2006;
Heitman et al. 1991). As described above, disruption of TOR signaling can extend the lifespan
of yeast, C. elegans, Drosophila, and perhaps mice (Harrison et al. 2009 and references given
above; and see section 2.21.1. below). The mammalian TOR protein, mTOR, a conserved
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serine/threonine kinase, is present as two multisubunit protein complexes, termed TORC1 (TOR
complex 1) and TORC2. TORC1, which is inhibited by the macrocyclic lactone antibiotic,
rapamycin (sirolimus), contains three subunits in addition to mTOR, Raptor (rapamycin-sensitive
adaptor protein of mTOR), mLST8 (a.k.a. GβL), an ortholog of yeast LST8, which binds
specifically to the protein kinase domain of mTOR (Reviewed in Bhaskar Hay 2007) and
proline-rich Akt substrate of 40 kilodaltons (PRAS40). mTORC1 also binds the small G-protein
Rheb, which stimulates mTOR kinase activity (Long et al. 2005a).
In the mouse lifespan study cited above, the activity of mTORC1 was inhibited by
feeding mice microencapsulated rapamycin beginning late in life (Harrison et al. 2009).
Lifespan extension might not be predicted based on the whole animal effects of this drug and its
more bioavailable analogues, such as temsirolimus and everolimus (sometimes termed
rapalogues). Mice (Cunningham et al. 2007; Bussiere et al. 2006) or gerbils (Fraenkel et al.
2008) treated with rapamycin or rapalogues become diabetic and hyperlipidemic. Treated mice
develop hyperglycaemia, glucose intolerance, higher levels of free fatty acids in skeletal muscle,
hypertriglyceridemia and hypercholesterolemia (Cunningham et al. 2007). Rapamycin treatment
causes smaller pancreatic islets, a decrease in glucose-stimulated insulin synthesis and secretion,
and a 90% reduction in serum insulin levels (Fraenkel et al. 2008).

Rapamycin and its

rapalogues are also immunosuppressants (Kahan 2008).
Rapamycin feeding late in life most likely extended mouse lifespan through its anticancer
effects (Brachmann et al. 2009; Liu et al. 2009; Kahan 2008; Wullschleger et al. 2006; Bjornsti
Houghton 2004). As with most mouse strains (e.g. Dhahbi et al. 2004), a majority of the strain
of mice used for the rapamycin lifespan studies die from cancer (Miller Chrisp 2002).
Rapamycin and a number of rapalogues have been used as anti-cancer drugs (Liu et al. 2009).
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Rapamycin or rapalogues inhibit the in vitro or in vivo proliferation of many tumor cell types,
including those derived from childhood rhabdomyosarcomas tested in vitro (Dilling et al. 1994),
human medulloblastoma and glioma tumors tested as xerographs in nude mice (Houchens et al.
1983), and panels of tumor cells from the Pediatric Preclinical Testing Program tested in vitro
and in vitro as xenografts in nude mice (Houghton et al. 2008).
The activation of mTORC1 by growth factors such as insulin and IGFI results from
tyrosine phosphorylation and activation of downstream scaffolding adaptors such as insulin
receptor substrate 1 (IRS1).

They bind and activate phosphatidylinositol (PIP3) 3-kinase,

thereby increasing production of PIP3 (Manning Cantley 2007).

PIP3 is bound by the

serine/threonine kinase, Akt (protein kinase B; PKB) and phosphoinositide-dependent kinase-1
(PDK1). PDK1 phosphorylates a key tyrosine on Akt, which phosphorylates a tyrosine on
TSC2. This phosphorylation inactivates the TSC1/TSC2 complex, which blocks its ability to
hydrolyze the GTP bound to Rheb (Huang Manning 2008).

This allows Rheb-GTP to

accumulate. Rheb-GTP binds to, and activates the serine/threonine kinase activity of mTORC1
(Huang Manning 2008).

Akt also activates mTORC1 by phosphorylating PRAS40, which

relieves the inhibition of mTORC1 activity by bound PRAS40.
mTORC1 activation up-regulates protein synthesis (a major impetus for cell growth),
largely through mTORC1 binding to the translation initiation complex eukaryotic translation
initiation factor 3 (eIF3), where it phosphorylates the translational regulators ribosomal protein
S6 kinases (S6Ks), S6K1 and S6K2 (Wang et al. 2005; Hay Sonenberg 2004), and eukaryotic
initiation factor 4E-binding protein 1 (4EBP1) (Holz et al. 2005). In addition to phosphorylating
TSC2, activated PDK1 also directly phosphorylates and activates the S6Ks. Phosphorylated
S6K1 stimulates translation by phosphorylating Ser 366 of eukaryotic elongation factor 2 (eEF2)
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kinase (Wang et al. 2001). eEF2 kinase is also phosphorylated on Ser366, strongly inhibiting its
activity (Knebel et al. 2001). The inactivated kinase can no longer phosphorylate and inactivate
eEF2, which is free to efficiently mediate the translocation step of peptide-chain elongation
(Merrick Nyborg 2000).
As mentioned above mTORC1 also phosphorylates 4EBP1, which controls the activity of
eukaryotic initiation factor eIF4E. eIF4E binds the 5’-cap of eukaryotic mRNA, facilitating
ribosome recruitment.

4EBP1 binds eIF4E, inhibiting its binding to the 5’-cap, thereby

inhibiting translation. mTORC1 phosphorylation of 4EBP1 relieves this inhibition, activating
translation initiation, and stimulating the overall rate of protein synthesis.
Thus, mTORC1 activation strongly stimulates protein synthesis, which leads to cell
growth and division. But, active mTORC1 and S6Ks also phosphorylate serine residues on
IRS1, which targets IRS1 for degradation (Reviewed in Manning Cantley 2007). This is one of
multiple negative feedback loops which finally attenuate the mTORC1-related signaling cascade
(Reviewed in Polak Hall 2009).
In yeast cells, drosophila embryos and cells in culture, the activation of TOR inhibits
macroautophagy, while amino acid or glucose starvation, or withdrawal of insulin or other
growth factors inhibits TOR activity and stimulates macroautophagy (Lum et al. 2005; Kamada
et al. 2004; Edinger Thompson 2002).

Inhibition of TOR by amino acid deprivation or

rapamycin treatment downregulates anabolic and cell growth-related processes such as protein
synthesis and ribosome biogenesis, as described above, and up-regulates catabolic and growth
inhibitory processes such as macroautophagy. Starving cells for amino acids reduces Rheb
binding to mTORC1, reducing mTORC1 activity (Long et al. 2005b). The mechanism for these
effects remain unknown. The extent to which nutrient sufficiency or insufficiency regulates
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macroautophagy through mTORC1 in mammals also unclear at this time. The macroautophagy
studies described above were performed with yeast, Drosophila embryos, or (in a few cases)
cultured mammalian cells.

2.6. Reproductive effects of CR in rodents and flies
Studies of Drosophila, rats, and mice often find that females outlive males. This is also
true when these species are subjected to CR (e.g. Cheney et al. 1983; Sheldon et al. 1995;
Turturro et al. 1999; Magwere et al. 2004; Partridge et al. 2005). For example, female medflies
live significantly longer than male flies at all food levels (Davies et al. 2005). While this
relationship holds for many strains of mice, it is not universally true of all strains (Blackwell et
al. 1995). The molecular basis for these sexual dimorphisms is not known. But in mice, they
may result from the differential effects of the sex steroids on cancer cell growth.
CR and mutations that reduce IGFI signaling attenuate, delay, or abolish fertility and
fecundity in Drosophila, C. elegans, and female rats and mice (Klass 1977; Holehan Merry
1985b; Weindruch Walford 1988; Chippindale et al. 1993; Kenyon et al. 1993; Chapman
Partridge 1996; Gems et al. 1998; Tissenbaum Ruvkun 1998; Bruning et al. 2000; Burks et al.
2000; Clancy et al. 2001; Tatar et al. 2001; Chandrashekar Bartke 2003; Giannakou et al. 2004).
CR begun after weaning delays sexual maturation and the loss of estrous cyclicity in aging
female mice, perhaps by retarding the rate of follicular depletion (Merry Holehan 1979; Holehan
Merry 1985b; Nelson et al. 1985; Gonzales et al. 2004). Oocyte numbers are higher in CR
females when compared to age-matched ad libitum controls (Lintern-Moore Everitt 1978;
Nelson et al. 1985). Female mice and rats maintained on CR from an early age and returned to
ad libitum feeding later in life are restored to reproductive cycling and reproductive competence
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at chronological ages where ad libitum animals have long ceased these activities (Osborne et al.
1917; Ball et al. 1947; Visscher et al. 1952; Holehan Merry 1985a; Nelson et al. 1985).
CR begun later in life causes female rats and mice to cease reproductive cycling and
reproduction (Ball et al. 1947; Visscher et al. 1952; Nelson et al. 1985). Even moderate levels of
CR initiated in rodents during adulthood can sustain the function of the female reproductive axis
into advanced chronological age (Selesniemi et al. 2008). These findings suggest that the
beneficial effects of CR on female reproductive function are at least partly mediated via
maintenance of the ovarian follicular reserve. However, CR affects the secretion patterns of
hormones produced by the hypothalamus and pituitary, which participate in the control of
ovarian function (Martin et al. 2008). Hence, the effects of CR on reproductive performance
probably also involve the entire hypothalamic–pituitary–gonadal axis.
LTCR reduces male reproductive activity. Male CFY Sprague-Dawley rats subjected to
LTCR sire significantly fewer litters at most ages (Merry Holehan 1981). They also have a
delayed and reduced pubertal peak of serum testosterone, delayed puberty, and reduced
testosterone levels (Merry Holehan 1981). Males subjected to 25% CR were less able to attract
females, and those on 50% CR were both less able to attract and to sexually arouse females
(Govic et al. 2008). Thirty days of CR in adult male Wistar rats reduces serum and testicular
testosterone concentrations (Santos et al. 2004). Only one study reported that LTCR increases
serum testosterone levels at all ages in Lobund-Wistar rats (Snyder et al. 1988). Sex-related
differences have been reported in the energy balance of young CR Wistar rats. CR females
deactivate facultative thermogenesis to a greater degree than males, conserving metabolically
active organ mass and decreasing adipose depots to a greater extent than restricted males. This
ability likely has survival advantages for females when food is limiting, due to their reproductive
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roles (Valle et al. 2005). Thus, together these results suggest that CR delays and suppresses
sexual maturation, reproductive hormone levels, and reproduction in both male and female rats.
It also extends reproductive lifespan, and delays reproductive senescence when older female
rodents are shifted from a CR regimen to ad libitum feeding.
The response to CR also is sexually dimorphic in Drosophila (Magwere et al. 2004). The
peak extension of longevity occurs at lower food concentrations for males than for females,
probably because females devote energy to egg-laying (Magwere et al. 2004). In addition, CR
increases the longevity of females 60%, while for males the increase is only 30%. Male and
female Drosophila also exhibit sex-specific differences in the sensitivity of their lifespan to
insulin/IGFI signaling, nutrient/energy demand, and allocation and utilization of energy (Clancy
et al. 2001; Clancy et al. 2002).
Thus, both the physiology and hormonal responsiveness of males and females appear to
lead to sex specific differences in their responsiveness to CR across widely divergent species.

2.7. Reproductive effects of CR in humans
In humans, fasting and extremely low calorie diets are well-known to suppress the
pituitary-gonadal axis, and free testosterone levels in males (Veldhuis et al. 1993, and references
therein). However, neither the Biosphere nor the CALERIE studies reported a decrease in sex
steroid levels in adult humans subjected to a CR diet for up to two years (Walford et al. 2002;
Holloszy Fontana 2007; Redman Ravussin 2009). The reasons for the dissimilarities between
these results and those found with CR rodents and fasting humans are unclear. The obvious
possibilities are that the Biosphere and CALERIE diets were not of sufficient severity or length
to produce suppressive effects on sex steroid levels. However, this seems unlikely based on the

48

decrease in BMI obtained and the length of the studies. Thus, humans appear to be less
susceptible than rodents to suppression of the hypothalamic-pituitary-gonadal axis by CR.
Differences in the life-histories of primates and rodents may have selected for less reproductive
suppression in humans in response to nutrient deprivation. This may reflect the relatively longer
lifespan and gestation time, and the fewer number of offspring per pregnancy in humans.

2.8. Anticancer effects of CR in rodents
There is compelling evidence that LTCR, STCR, and many of the longevity-enhancing
mutations in mice can dramatically delay tumor-associated mortality (Massaro et al. 2004;
Kennedy et al. 2003; Massaro et al. 2007; Spindler Dhahbi 2007). The anticancer effects of CR
in rodents were recognized a century ago (Moreschi 1909), long before its effects on longevity
were published (McCay et al. 1935; Reviewed in Weindruch Walford 1988). A widely accepted
model of carcinogenesis proposes that it involves 3 stages: initiation, an initial mutation leading
to cell division; promotion, accrual of additional mutations in cell growth or proliferation-related
genes accompanied by clonal expansion; and progression, significant clonal expansion and
genetic damage resulting in a gain of tumor mass through increased rates of cell proliferation
and/or reduced rates of apoptosis (Hursting et al. 2003). The relative rates of proliferation and
apoptosis during the promotion and progression stages of tumorigenesis are the major
determinants of the rates of tumor onset and growth (Grasl-Kraupp et al. 1997; Hursting et al.
2003; Patel et al. 2004). In model tumors, LTCR can reduce carcinogenesis at each stage of the
multistage model (Hursting et al. 2003; Patel et al. 2004). There is only one report of the effects
of CR on the growth rate of spontaneously initiated tumors (Spindler 2005). The results of this
study suggest that CR reduces the growth rate of spontaneous tumors by increasing the rate of
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tumor cell death (S.R. Spindler, Y. Higami and I. Shimokawa, unpublished results; and Dhahbi
et al. 2004).
LTCR increases the age of onset of tumors in rodents (Hursting et al. 2003). It also
decreases the rate of growth and number of metastases produced by many model tumors,
including hepatomas, mammary carcinomas, and prostatic tumors (Hursting et al. 2003). CR
suppresses carcinogenesis induced by several classes of chemicals, inhibits several forms of
radiation-induced cancer, and inhibits neoplasia in early-tumor-onset knockout and transgenic
mouse models (Patel et al. 2004). Even when begun late in life, CR decreases spontaneous
tumor-associated mortality by 3.1-fold within 8 weeks, and extends both the mean and maximum
lifespan in mice (Dhahbi et al. 2004; Spindler 2005).
There are conflicting reports about whether CR can mitigate prostate carcinogenesis in
rats (Boileau et al. 2003; McCormick et al. 2007). The induction protocols used for these studies
are complex, and it is unclear how well they recapitulate spontaneous prostatic carcinogenesis.

2.8.1. Apoptosis and the anticancer effects of CR
Fasting, STCR and LTCR reduce cellular proliferation and increase apoptosis in a wide
variety of organs and tissues, including liver (Merry Holehan 1985; Grasl-Kraupp et al. 1994;
James Muskhelishvili 1994; Muskhelishvili et al. 1996; Hikita et al. 1999; Higami et al. 2000),
bladder (Lok et al. 1988; Dunn et al. 1997), skin (Merry Holehan 1985; Lok et al. 1988), kidney
(Merry Holehan 1985), heart (Merry Holehan 1985), mammary gland, esophagus, jejunum (Lok
et al. 1988), and colorectum (Lok et al. 1988; Premoselli et al. 1997).

Preneoplastic and

neoplastic cells are more sensitive to apoptotic cell death than normal cells, and they are
selectively eliminated by CR.

For example, in mice, 3 months of 40% food restriction
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significantly reduced the proportion of the liver occupied by preneoplastic foci (Grasl-Kraupp et
al. 1994). The increased rate of apoptosis is significant because, as stated above, the relative
rates of proliferation and apoptosis are the major determinants of the rates of tumor onset and
growth (Hursting et al. 2003; Patel et al. 2004).
The rate of apoptosis in the liver of mice is 3-times higher in hepatocytes from CR mice
at all ages (James Muskhelishvili 1994; Muskhelishvili et al. 1995; James et al. 1998). Increased
hepatocyte apoptosis is associated with a significantly lower incidence of spontaneous
hepatomas throughout the life of LTCR mice, although the mechanism remains unknown. Even
brief periods of CR enhance apoptosis and reduce tumor incidence. For example, 1 to 3 months
of food restriction can significantly increase the latency and reduce the incidence of spontaneous
cancer over the entire lifespan of a mouse (Klebanov 2007). Just one week of CR induces
apoptosis in preneoplastic liver cells of old mice (Muskhelishvili et al. 1996). Forty-percent food
restriction for 3 months eliminates 20-30% of liver cells through apoptosis, and reduces the
number and volume of chemically induced preneoplastic foci by 85% (Grasl-Kraupp et al. 1994).
CR also enhances apoptosis in mitotically competent cells of other organs, including jejunum,
colon, bladder, and dexamethasone treated lymph node and spleen lymphocytes of MRL/lpr mice
(Luan et al. 1995; Holt et al. 1998).
Thus, apoptosis induced by LTCR, STCR, and the disruption of IGFI signaling appears to
exert at least a part of its anticarcinogenic activity by inducing differential apoptosis in tumors
and preneoplastic foci.
2.8.2. IGFI and insulin receptor signaling, and cancer
Oncogenesis may involve activation of oncogenes, overexpression of growth factors,
inappropriate growth factor signaling, and/or inactivation of tumor suppressor genes (Alexia et
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al. 2004; Pandini et al. 2004; Boissan et al. 2005; Huether et al. 2005b; Huether et al. 2005a;
Alexia et al. 2006; Hopfner et al. 2006). LTCR, STCR, and many of the longevity-enhancing
mutations in mice dramatically reduce insulin and IGFI serum levels and post-receptor signaling,
delay tumor-associated mortality, and increase apoptosis in mitotic tissues (Dhahbi et al. 2001;
Dominici et al. 2002; Kennedy et al. 2003; Koubova Guarente 2003; Bartke 2005; Bartke 2006).
IGFR plays a major role in mitogenesis, transformation, and protection from apoptosis. In many
tumors, the level of IGFR expression correlates inversely with disease stage, survival,
development of metastases, and tumor de-differentiation (Scharf Braulke 2003; Sedlaczek et al.
2003; Yao et al. 2003). Reduction of IGFR signaling in mice by mutation, genetic manipulation,
or Klotho overexpression enhances the rate of tumor cell apoptosis, reduces the number and the
volume of preneoplastic lesions, delays tumor-associated mortality, and extends lifespan (Bartke
Brown-Borg 2004; Bartke 2006). A part of the antineoplastic effects of CR is probably a direct
result of reduced IGFR signaling (Dunn et al. 1997; Hopfner et al. 2006). Cells that do not
express IGFR are resistant to transformation by any means (Baserga et al. 2003).
LTCR also increases insulin sensitivity (glucose uptake and utilization) about 4-fold in
rats and mice, and reduces blood insulin levels to about half those found in control rats and mice
(Masoro et al. 1992; Dhahbi et al. 2001). Lower insulin levels also may be important in the
anticancer effects of CR. According to the classical view, the IR predominantly mediates
anabolic effects, while the IGFR predominantly mediates antiapoptotic, mitogenic, and
transforming effects (Baserga et al. 2003; Biddinger Kahn 2006). Insulin receptor A (IRA), a
splice variant derived from the same primary transcript as IRB (the isoform which mediates
insulin-responsive glucose uptake, metabolism, protein synthesis, and cell growth in muscle and
adipose), has a mitogenic and transforming role in oncogenesis. Both the IRA and IRB are
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expressed in most insulin responsive tissues (Kosaki Webster 1993; Kosaki Webster 1993).
Insulin, IGFI and IGFII are high affinity activators of IRA, and activation can promote growth
and protect malignant cells from apoptosis (Kalli et al. 2002; Sciacca et al. 2002; Vella et al.
2002). Binding of IGFII or insulin to IRA induces a different, but partially overlapping, gene
expression profile (Pandini et al. 2003; Pandini et al. 2004). In cells expressing IRA, IGFII
stimulates the Shc/ERK branch of the insulin/growth factor signaling pathway, inducing
mitogenesis and migration more potently than insulin (Frasca et al. 1999). In contrast, insulin is
more potent than IGFI in stimulating signaling through the IRS/AKT pathway, leading to
enhanced glucose metabolism, protein synthesis, and cell growth (Frasca et al. 1999).
Thus, the CR mediated reductions in serum levels of IGFI and insulin may be key to its
anticancer activity. However, the potential effects of CR on other growth factors and their
receptors are unexplored. Autocrine and paracrine stimulators of tumor cell growth and division
also may be altered by CR. Thus, we still do not know whether the effects of CR on insulin and
IGFI levels are the primary mechanisms for reduced carcinogenesis in mammals.

2.8.3. Can life history account for the anticancer effects of CR?
Relatively few cancers arise from postmitotic cells (Wright Deshmukh 2006). Some or
all cancers probably arise from mitotically competent cells, perhaps from stem cells (Chiang
Massague 2008). Cell division is required to genetically fix oncogenic mutations in the genome.
Selection can act only on pre-reproductive or reproductively active members of a population, and
in many species few animals live long enough to die of cancer in the wild (e.g. Phelan Austad
1989). Highly effective molecular mechanisms have evolved to suppress the development of
cancer until after reproduction ceases (Sharpless 2005). These include mechanisms for high
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fidelity DNA replication and repair, and tumor suppressor genes such as p53, Rb, p16INK4a and
ARF (Janzen et al. 2006; Krishnamurthy et al. 2006; Molofsky et al. 2006).
Thus, the anticancer effects of CR may have co-evolved with another phenotype, which
is subject to natural selection. We have argued that this trait is the metabolic role of tissues as
reservoirs of metabolic energy (Spindler Dhahbi 2007). CR animals alternate between balanced
waves of turnover and resynthesis (Spindler Dhahbi 2007). The minimal energy stores in CR
animals demand that the immediate postprandial period for them is characterized by intense
biosynthetic activity, including cell division, under the powerfully anabolic influence of insulin
(Spindler Dhahbi 2007). During the later postprandial period, as insulin levels decline and
glucagon and other catabolic hormones rise, high relative rates of protein, lipid, organelle and
cellular turnover take place (Spindler Dhahbi 2007). Thus, CR drives repeated cycles of cell and
tissue turnover in mitotically competent tissues and tissue turnover and repair in postmitotic
tissues. These effects seem to be major contributors to the multifaceted health and longevity
effects of CR.

2.9. Metabolic effects of aging and CR
Aging produces a decline in the autophagic and apoptotic turnover of cells, organelles,
membranes, carbohydrates, and proteins (Bergamini 2006; Donati 2006). It also decreases the
expression and capacity of enzymes required for mobilizing protein for the production of
metabolic energy (Dhahbi et al. 1999; Dhahbi et al. 2001; Spindler 2001; Hagopian et al. 2003b;
Hagopian et al. 2003a; Dhahbi Spindler 2003; Spindler et al. 2003; Spindler Dhahbi 2007).
During the postabsorptive state, when blood insulin and glucose levels wane, and glucagon,
glucocorticoids and catecholamines increase, most tissues begin to utilize amino acids derived
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from protein turnover to generate energy via the tricarboxylic acid (Krebs) cycle. This drives the
degradation of glycogen and the autophagic degradation of proteins, organelles, and membranes.
The glucagon/insulin ratio is a major regulator of autophagy in vivo (Meijer Codogno 2006).
Insulin represses autophagy. During the postabsorptive period, the high glucagon/insulin ratio
activates autophagy (Meijer Codogno 2006). Amino acid catabolism leads to the transport of
carbon and nitrogen to the liver, mostly as glutamine, for synthesis into glucose and for nitrogen
disposal as urea. These changes are consistent with the decrease in whole body protein turnover
found with age in rodents (Goodman et al. 1980; Lewis et al. 1985; el Haj et al. 1986; Goldspink
et al. 1987; Merry et al. 1987; Merry et al. 1991; Merry et al. 1992). Decreased macromolecular
turnover may underlie the age-related accumulation of oxidatively and otherwise damaged
protein. This decrease may exacerbate the effects of the oft-reported age-related increase in
oxidant production by isolated muscle mitochondria (e.g. Bejma Ji 1999; Mansouri et al. 2006).
Broadly speaking, CR appears to lead to increased catabolism of protein and lipid derived
from proteolysis, autophagy, and the autophagic and apoptotic death of mitotically competent
cells to generate substrates for energy generation. For example, CR stimulates autophagy in rat
liver (Cavallini et al. 2001; Donati et al. 2001; Bergamini et al. 2007). This is apparent in the
genic and enzymatic shift toward increased protein, lipid, and organelle degradation and disposal
(turnover) (Feuers et al. 1989; Tillman et al. 1996; Dhahbi et al. 1999; Cao et al. 2001; Dhahbi et
al. 2001; Spindler 2001; Dhahbi Spindler 2003; Hagopian et al. 2003b; Hagopian et al. 2003a;
Spindler et al. 2003; Tsuchiya et al. 2004; Spindler Dhahbi 2007). CR increases the enzymatic
capacity of the muscle for the mobilization of carbon for glucose synthesis, and the disposal of
nitrogen as urea (Tillman et al. 1996; Dhahbi et al. 1999; Cao et al. 2001; Dhahbi et al. 2001;
Spindler 2001; Dhahbi Spindler 2003; Spindler et al. 2003). Together, these changes enhance
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energy generation from protein in the tissues, and gluconeogenesis in the liver to supply glucose
for energy production for the brain and other organs, and disposal of the nitrogen produced from
protein turnover as urea. We found very similar changes in metabolic enzyme expression in
Ames dwarf mice, which are also long-lived (Tsuchiya et al. 2004).
These metabolic responses to CR are apparent in their effect on organ physiology. For
example, CR decreases the rate of DNA and protein synthesis, and decreases the RNA content of
the liver, kidney, heart, and small intestine in rats (Lewis et al. 1985; Merry Holehan 1985; el
Haj et al. 1986; Goldspink et al. 1987; Merry et al. 1987; Merry et al. 1991; Merry Holehan
1991; Merry et al. 1992; Nikolich-Zugich Messaoudi 2005). After the initiation of either CR or
fasting, mitotically competent tissues such as liver and lung undergo a profound, rapid, and
reversible loss of cells (via necrosis, apoptosis, and/or autophagic cell death), proteins, and lipids
(Kouda et al. 2004; Massaro et al. 2004).

Intracellular turnover in metazoans involves

degradation of cytoplasmic and nuclear proteins by cellular calpains (Sorimachi et al. 1997) and
the proteosome (Myung et al. 2001), degradation of mitochondria by mitochondrial proteases
(Bakala et al. 2003), autophagic degradation of membranes, mitochondria, ribosomes, ER, and
peroxisomes (Bergamini 2006; Donati 2006; Kadowaki et al. 2006), and cellular turnover
initiated by apoptotic, necrotic, and autophagic cell death (Jin El Deiry 2005). Nutritional stress
increases the rate of these processes (Finn Dice 2006). For example, fasting a rat for 48 hours
reduces liver weight by half and liver proliferative index by 85%, while increasing its apoptotic
index by 2.5-fold (Kouda et al. 2004). The number of lung alveoli in mice is reduced by 35%
after 72 hours of 33% CR (Massaro et al. 2004). Fifteen days of CR reduces alveolar number by
45% (Massaro et al. 2004). Refeeding for 72 hours fully restores alveolar number (Massaro et
al. 2004). Thus, CR appears to tip the regulatory balance in some mitotic tissues toward
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apoptosis and the degradation of cellular carbohydrate, protein, and lipid. Despite this increase
in macromolecular degradation and decreased rates of macromolecular synthesis and cell
division, LTCR animals are able to maintain their organ mass by balancing these effects to
produce higher rates of protein turnover and smaller visceral organ sizes (Weindruch Sohal
1997). LTCR (30%) reduces the weight of the heart, liver, kidney, spleen, prostate, and skeletal
muscle of rats by 25 to 50% (Weindruch Sohal 1997). This turnover may drive many of the
beneficial effects of CR on health and lifespan.

2.10. CR and autophagy
The enhancement of autophagy by CR may be necessary, but not sufficient for its effects
on lifespan. Autophagy is induced by nutrient deprivation (Mizushima Klionsky 2007). It
thereby provides amino acids and substrates for energy production when nutrients are scarce.
The rate of autophagy declines with age in essentially all tissues (Reznick Gershon 1979; Cuervo
et al. 2005). CR enhances autophagy (Cavallini et al. 2001; Donati et al. 2001). Further, in wildtype and long-lived worm mutants, mutational reduction of autophagy shortens lifespan
(Melendez et al. 2003; Hars et al. 2007). In contrast, enhanced expression of the autophagyrelated 8a gene, a rate limiting autophagy gene, in older fly brains, extends average adult lifespan
by 56% and promotes resistance to oxidative stress (Simonsen et al. 2008). In C. elegans,
mutational inactivation of essential autophagy-related genes abolishes the extended longevity
phenotype of eat-2 mutants, which are a model of CR (Morck Pilon 2006; Jia Levine 2007;
Hansen et al. 2008; Toth et al. 2008). These results suggest that autophagy is required for the
CR-related longevity response. However, enhanced autophagy does not appear to be sufficient
for lifespan extension.

In C. elegans, inhibiting genes required for autophagy blocks the
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longevity effects of CR (Hansen et al. 2008). However, lifespan extension by Daf-2 (IR/IGFR)
longevity mutations requires both autophagy and DAF-16/FOXO. Mutation of daf-16 leaves
autophagy active, but blocks lifespan extension by the Daf-2 longevity mutations (Hansen et al.
2007).
The role of autophagy in the effects of CR on longevity in mammals remains unclear at
present.

However, the importance of turnover and renewal, its decline with age, and its

enhancement with CR strongly suggests that autophagy also is central to the longevity effects of
CR in mammals. Pharmacological enhancement of autophagy may prove therapeutic in proteinaggregation related neurodegenerative disorders such as Huntington's disease and some forms of
Parkinson's disease (see Sarkar et al. 2009, and reference therein).

2.11. CR and glucocorticoids
Glucocorticoids also may contribute to the anticancer effects of CR (Masoro 1995;
Nelson et al. 1995). CR transiently increases the diurnal level of free plasma corticosterone in
mice and rats (Sabatino et al. 1991; Klebanov et al. 1995; Han et al. 2001). Further, at least
some of the anticancer effects of CR may be dependent on glucocorticoids. Either 20 or 40% CR
significantly decreases the incidence and multiplicity of skin papillomas initiated with 7,12dimethylbenzanthracene (DMBA) and promoted with 12-O-tetradecanoylphorbol- 13-acetate
(TPA) in female, SENCAR mice (Stewart et al. 2005). Adrenalectomy of these mice partially
reverses the inhibition of papilloma multiplicity and incidence by CR.

Corticosterone

supplementation to the CR-adrenalectomized mice restores much of the ability of CR to reduce
papilloma incidence and multiplicity. Glucocorticoid replacement restores the effectiveness of
CR at inhibiting DMBA- and TPA-induced skin, and DMBA-induced pulmonary carcinogenesis
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to adrenalectomized mice (Pashko Schwartz 1992; Pashko Schwartz 1996). Thus, at least some
of the anticancer effects of CR may require glucocorticoids.
The reason for this dependence on glucocorticoids is not known.

However,

glucocorticoids do suppress cellular proliferation and enhance apoptosis in some cell types,
including osteoblasts, lymphocytes, and keratinocytes (Weinstein 2001; Budunova et al. 2003;
O'Brien et al. 2004; Herold et al. 2006). Thus, elevation of glucocorticoids in combination with
suppression of sex steroids, insulin and IGFI may cooperate to produce a part of the
anticarcinogenic activity of CR.

2.12. Cardiovascular effects of CR
Aging impairs cardiovascular capacity, contractility, and diastolic and systolic function
(McGuire et al. 2001). In rodents and humans, three major age-associated changes markedly
affect myocardial performance. First, the development of myocardial fibrosis, a hallmark of
cardiac aging in both humans and rats, is initiated by cellular necrosis and apoptosis (Eghbali et
al. 1989; Anversa et al. 1990).

Cell death induces reparative interstitial and perivascular

collagen deposition, which plays a key role in the development of fibrosis in aged human and
rodent hearts (De Souza 2002). Fibrosis decreases cardiac distensibility and increases diastolic
pressure, impairing coronary hemodynamics and lowering coronary reserve (Janicki 1992;
Varagic et al. 2001). Second, the decline in the number of cardiomyocytes with age due to
necrosis and apoptosis is followed by compensatory myocyte hypertrophy (Colucci 1997;
Lushnikova et al. 2001). This remodeling and the weakening and bulging of the ventricular wall
is the most common cardiac manifestation of aging (Lakatta 2000). Remodeling necessitates
increased atrial and ventricular filling pressure. These general age-related changes appear to
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underlie cardiac arrhythmias, dysfunction, and failure. Third, an age-related impairment in
mitochondrial bioenergetics appears to contribute to myocardial stiffness, apoptosis, atrophy and
compensatory hypertrophy (Moreau et al. 2004; van Raalte et al. 2004).
CR is known to be a highly effective means of reducing the incidence and increasing the
mean age of onset of cardiovascular diseases (Wagh Stone 2004). Approximately 40% of male
C57BL/6 mice develop cardiomyopathy by 1000 days of age (Turturro et al. 2002). Aging
produces extensive changes in cardiac gene expression in mice, including changes consistent
with a metabolic shift from fatty acid to carbohydrate metabolism, increased expression of
extracellular matrix genes, and reduced protein synthesis (Lee et al. 2002). LTCR produces
changes in gene expression in the heart consistent with preserved fatty acid metabolism, reduced
DNA damage, decreased innate immune activity, and cytoskeletal reorganization (Lee et al.
2002). We found that the initiation of CR in older mice rapidly reduces the expression of genes
associated with extracellular matrix and cytoskeletal structure and dynamics, cell motility, and
inflammation (Dhahbi et al. 2006). The initiation of CR also increases the expression of genes
associated with PPARα signal transduction and fatty acid metabolism for energy production
(Dhahbi et al. 2006). Beginning CR in older mice reduces natriuretic peptide precursor type B
expression along with the expression of a number of forms of collagen, and reduces perivascular
collagen deposition in the heart (Dhahbi et al. 2006).

LTCR also preserves smaller

cardiomyocytes in the left ventricle of the heart of old-LTCR mice, suggesting reduced agerelated cell death and hypertrophy (Dhahbi et al. 2006; Spindler Dhahbi 2007). Together these
changes are consistent with a rapid CR-related reduction in the forces leading to the development
of myocardial fibrosis, tissue remodeling, and hemodynamic stress.
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2.13. Immunological effects of CR
The immune system declines with age, which leads to an impaired ability to respond to
vaccinations and infections (McElhaney 2005; Effros 2007). Elderly people are particularly
susceptible to influenza, with 80–90% of mortalities from infection with influenza virus
occurring in individuals aged 65 years and older (Trzonkowski et al. 2009). Elderly individuals
also suffer more frequently from autoimmunity (Yung Julius 2008).
The data regarding the effects of age on innate immune function are contradictory. Some
find an age-related decline in the function of neutrophils, macrophages, and natural killer cells,
while other studies detect no such changes (Gomez et al. 2008). However, studies in mice and
humans have shown that the adaptive immune system is deregulated by aging (reviewed by
(Dorshkind et al. 2009). Thymic involution reduces the number of naïve T-cells produced with
age (Jamieson et al. 1999). Also, B-cell production in the bone marrow is reduced with age
(Jamieson et al. 1999; Johnson et al. 2002; Miller Allman 2003; Van der et al. 2003).
Lymphocytes from older humans have impaired ability to undergo immunoglobulin classswitching recombination (Frasca et al. 2008). There also is an age-related decline in CD4+ T
helper cell function which may contribute to this impairment (Haynes Swain 2006). CD4+ T
cells, but more so CD8+ T cells, undergo clonal expansion in the elderly, limiting the repertoire
of antigens to which the resident T cells can respond and blocking the niches that otherwise
would be colonized by newly formed immune cells (Haynes Swain 2006).
CR can inhibit the age-related decline in immune function in mice, non-human primates,
and humans. While aging causes a shift from naïve to memory cells, CR increases the number of
naïve T cells and the diversity of the T-cell repertoire (Miller 1996; Pawelec et al. 1999;
Nikolich-Zugich Messaoudi 2005; Messaoudi et al. 2006). CR also retards the age-related
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decline in antigen presentation, T-cell proliferation, and antibody production in response to
influenza vaccination (Effros et al. 1991; Pahlavani 2000). However, CR also can increase
mortality in mice in response to influenza virus infection, probably due to lack of energy reserves
(Ritz Gardner 2006). Further, in contrast to the benefits of CR initiated during early adulthood,
CR initiated in young male rhesus monkeys accelerates the loss of naïve T cells, decreases T-cell
repertoire diversity, and increases the frequency of T-cell clonal expansions (Messaoudi et al.
2008), predisposing them to a reduced immune response after infection (Messaoudi et al. 2004).
CR initiated in old rhesus monkeys produces lymphopenia and decreases T-cell proliferative
capacity, suggesting that CR initiated at older ages can have adverse affects in primates
(Messaoudi et al. 2008). Thus, little is known about how CR will affect the immune system of
humans, especially elderly humans.

2.14. Neurological effects of CR
Neuronal loss promotes the cognitive, sensory, and motor impairments found with age
(Kuhn et al. 1996). CR appears to reduce neuronal damage in response to toxins and other
stressors, protect against neurodegenerative diseases, and increase neurogenesis and synaptic
plasticity, even in old animals (Gillette-Guyonnet Vellas 2008). Aging is accompanied by a
reduction in synaptic contacts, synaptic strength, neural plasticity, brain neurogenesis (Burke
Barnes 2006; Kuhn et al. 1996), and spinal cord densities and neurogenesis (Burke Barnes 2006;
Segovia et al. 2006; Fontan-Lozano et al. 2008).

Aging alters the expression of the

neurotransmission related genes N-methyl- D-aspartate receptor, brain derived neurotrophic
factor, Trk-B, and α-synuclein (Mattson et al. 2001). For some of the genes, CR counteracts
these changes (Mattson et al. 2001).
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The cells of the aging brain experience increased levels of oxidative stress (Serrano
Klann 2004; Zecca et al. 2004; Martin et al. 2006), damaged protein (Gray et al. 2003;
Trojanowski Mattson 2003; Martin et al. 2006), and damaged DNA (Lu et al. 2004; Kyng Bohr
2005). Aging also leads to changes in the normal brain that are similar to, but less severe than,
the changes found in some age-related neurological diseases. These changes include amyloid-β
accumulation (Trojanowski Mattson 2003), as found in Alzheimer’s disease; α-synuclein
accumulation and dopamine depletion in substantia nigra neurons, as found in Parkinson’s
disease (Grondin et al. 2002); Cu/Zn-SOD accumulation in motor neurons, as found in
amyotrophic lateral sclerosis (Rakhit et al. 2004); and reduced BDNF levels, as found in
Alzheimer’s disease and Huntington’s disease (Zuccato et al. 2003; Mattson et al. 2004).
LTCR either reduces the rate of damage, or reverses some of the age-related degenerative
changes described above (Idrobo et al. 1987; Ingram et al. 1987; Stewart et al. 1989; Pitsikas et
al. 1991; Pitsikas Algeri 1992; Eckles et al. 1997; Eckles-Smith et al. 2000). LTCR increases
neurotrophic factor levels and attenuates neurochemical and behavioral deficits in a primate
model of Parkinson's disease (Maswood et al. 2004). CR protects neurons and improves the
functional outcome in rodent and monkey models of stroke, Alzheimer's, Parkinson's, and
Huntington's diseases (Mattson et al. 2004, and references therein). CR attenuates Alzheimer's
disease type brain amyloidosis in Squirrel monkeys (Saimiri sciureus) (Qin et al. 2006). CR also
increases the levels of brain-derived neurotrophic factor and heat-shock proteins in neurons and
stimulates neurogenesis in the hippocampus (Mattson et al. 2004); and references therein).
Neurons of LTCR rats and mice are more resistant to oxidative, metabolic, and excitotoxic
stressors than those of controls (Reviewed in Martin et al. 2006). CR induces analgesia in acute
and chronic models of pain (los Santos-Arteaga et al. 2003; Hargraves Hentall 2005).
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Late-onset, STCR can bring about many of the beneficial neurological effects found in
animals subjected to LTCR. CR initiated late in life can reverse the age-related downregulation
of neural cell adhesion molecule and polysialylated-neural cell adhesion molecule in various
brain regions, and reverse the age-related upregulation of astrocytic glial fibrillary acidic protein
in old rats (Kaur et al. 2008). These results suggest that late-onset STCR can have beneficial
effects on neuroplasticity. These results may translate to humans. High caloric intake induced
obesity increases the risk of age-related cognitive decline (Knecht et al. 2008). Just 3 months of
20% CR in elderly humans significantly improves verbal memory scores, in concert with a
decrease in fasting plasma levels of insulin and high sensitive C-reactive protein (Witte et al.
2009).

2.15. Genic effects of CR
Here we focus on results of large scale gene-expression studies in mammals. Genetic
studies in lower eukaryotes have been reviewed elsewhere (Mair Dillin 2008). Large-scale
microarray studies have allowed a number of important broad conclusions to be drawn regarding
aging and the effects of CR in mammals. First, aging appears to shift tissues and cells toward
patterns of gene expression consistent with enhanced inflammation, stress, and the age-related
pathologies of each tissue type studied (e.g. Lee et al. 1999; Lee et al. 2000; Cao et al. 2001;
Kayo et al. 2001; Lee et al. 2002; Dhahbi et al. 2004; Tsuchiya et al. 2004; Dhahbi et al. 2006;
Spindler Dhahbi 2007). Second, the majority of the genic responses of tissues to CR appear to
be tissue- and cell-specific, and tailored to resisting or reversing the characteristic age-related
dysfunctions of specific tissue or cell-types (e.g. Lee et al. 1999; Lee et al. 2000; Cao et al. 2001;
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Kayo et al. 2001; Lee et al. 2002; Dhahbi et al. 2004; Tsuchiya et al. 2004; Dhahbi et al. 2006;
Spindler Dhahbi 2007).
Finally, there appears to be broad differences in the way mitotically competent and
“postmitotic” tissues respond to CR. The genic responses found are consistent with other
evidence cited elsewhere in this article suggesting that mitotically-competent tissues shift toward
increased susceptibility to apoptotic cell death, while postmitotic tissues shift toward increased
cellular repair, and stress resistance (Spindler Dhahbi 2007). For example, in heart we and
others have found that CR produces gene expression and histochemical changes associated with
reduced fibrosis, tissue remodeling, apoptosis and blood pressure, and alterations in signal
transduction associated with enhanced lipid catabolism for energy production and contractility
(Edwards et al. 2003; Gonzalez et al. 2004a; Dhahbi et al. 2006). In contrast, in liver, CR
produces changes in gene expression and enzymology associated with the differentiated
functions of the liver, including induced fatty acid oxidation, gluconeogenesis, detoxification,
and apoptosis of damaged cells (Reviewed in Spindler Dhahbi 2007). Likewise, CR reduced
gene expression associated with glycolysis and fatty acid biosynthesis. Importantly, the Ames
longevity mutation produces many of these same effects (Tsuchiya et al. 2004; Spindler Dhahbi
2007).

2.16. Hypothermia and CR
CR lowers the mean body temperature of homeotherms such as mice, rats, monkeys, and
humans (Weindruch Walford 1988; Walford Spindler 1997; Walford et al. 2002). This decrease
in temperature is likely to be due, in part, to a lowering of triiodothyronine (T3) levels. Longlived mutant mouse strains have reduced serum T3 levels and core body temperatures, including

65

the Ames, Snell, and the growth hormone receptor/binding protein knockout dwarf mice (Hauck
et al. 2001; Bartke Brown-Borg 2004). However, thermal regulation is more complex than just
thyroid hormone levels (Swoap 2008). In mice, the decrease in temperature in response to 40%
CR can vary from 1.5 to 5.8 °C below normal, depending on mouse strain, indicative of its
multigenic character (Rikke et al. 2003).
Lowering the body temperature of poikilothermic vertebrates, such as annual fish, by 3 to
5°C can substantially prolong their lifespans (Liu Walford 1966; Liu Walford 1970; Liu Walford
1972). Further, the lifespans of ectothermic animals such as C. elegans (Klass 1977) and
Drosophila (Lamb 1968) are inversely-related to environmental temperature. This seems to
strongly suggest that the decrease in body temperature and the longevity effects of CR are
causally related, at least in poikilotherms. However, in these animals, CR and temperature
actually may use different pathways to regulate longevity (Miquel et al. 1976; Mair et al. 2003).
Body temperature appears to contribute to the health and longevity benefits of CR in
mice (Turturro Hart 1991; Walford Spindler 1997). Support for this idea has come more recently
from studies of transgenic mice overexpressing uncoupling protein 2 only in hypocretin neurons
(Hcrt-UCP2) (Conti et al. 2006). These mice have a 0.3 to 0.5°C reduction of the core body
temperature, and a 12% increase in male and a 20% increase in female median lifespan,
independent of caloric consumption (Conti et al. 2006). Another line of evidence supporting a
link between the lowering of body temperature and lifespan comes from a study of C57BL/6
mice housed either at the normal housing temperature of 20 to 23°C, or at 30°C (Koizumi et al.
1996). When housed at the normal temperature, 40% CR produces a 1°C decrease in core body
temperature, while housing at 30°C prevents this decrease (Koizumi et al. 1993; Jin Koizumi
1994). Housing the mice at 30°C reversed the life-extending effects of CR in C57BL/6 mice,
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largely by decreasing its anti-lymphoma action (Koizumi et al. 1996). The reduction of the antilymphoma action may involve loss of the general inhibitory action of CR on cellular
proliferation. Housing LTCR Fischer 344 rats at 30°C largely cancels the normal CR-related
reduction in cellular proliferation found in the jejunum, epidermis, and lung of these animals (Jin
Koizumi 1994). Housing C57BL/6 female mice at 30 °C also antagonizes the often reported
suppressive effect of LTCR on white blood cell counts (Koizumi et al. 1993). These counts are
considered indicative of the cellular proliferation rates in the bone marrow. Thus, decreasing
core body temperature may be sufficient to extend lifespan and required for the antiproliferative
and anticancer effects of CR.

2.17. Exercise and CR
The relationship between exercise and biomarkers of health in humans is discussed
above. The question of whether exercise will produce effects similar to those of CR also has
been addressed in rodents by Holloszy and his colleagues (Holloszy Smith 1987; Holloszy
Schechtman 1991; Holloszy 1992; Holloszy 1997). Exercise reproduces a number of the same
physiological effects as LTCR in rats. Exercised rats are smaller and have less fat than sedentary
animals fed the same number of calories. Young rats, about 4 months of age, will run voluntarily
almost 8 kilometers per day if a running wheel is placed in their cages. As they age, their
running distances decline rapidly. But, if their food intake is reduced by 8% of ad libitum
consumption, their running behavior declines much more slowly, and will continue at reduced
levels even into extreme old age (Holloszy et al. 1985). The runners are much leaner and smaller
overall than sedentary control rats fed the same number of calories as the runners. However,
while running significantly increased the mean lifespan of the rats by about 10%, it did not
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increase their maximum lifespan (Holloszy Schechtman 1991; Holloszy 1997). CR is capable of
increasing both the mean and maximum lifespan of rats.
The meaning of these results remains unclear.

Gerontologists often aver that the

extension of average and maximum lifespan must be mechanistically different, because only CR
is known to extend maximum lifespan. They often conjecture that extension of maximum
lifespan means that CR slows something vaguely termed the underlying rate of aging. However,
CR can extend the maximum (and average) lifespan of mice just by slowing the rate of tumor
growth (Dhahbi et al. 2004; Spindler 2005). It seems unlikely that very many gerontologists
would regard a regimen of cancer chemotherapy as “slowing the underlying rate of aging”. Yet,
this is how late-life CR extends mouse lifespan.

2.18. Adiposity and the health effects of CR
There is a direct relationship between adiposity, especially visceral fat mass, and
mortality in humans (Takata et al. 2007; Fair Montgomery 2009). CR clearly reduces body fat,
especially visceral fat, in mice, rats, rhesus and cynomolgus monkeys, and humans (Reviewed in
Masoro 2005). Adipose mass appears to be inversely related to longevity, and therefore may be
important in the longevity effects of CR. Initially, several studies seemed to suggest that reduced
fat mass is not required for the longevity effects of CR (Bertrand et al. 1980; Harrison et al.
1984). The strongest piece of evidence came from a study in which ob/ob mice, which are
leptin-deficient and therefore hyperphagic and obese, were compared to congenic lean mice
lacking the ob/ob mutation. CR ob/ob mice live twice as long as ad libitum-fed lean mice, even
though the ob/ob mice have over twice the adipose weight of the congenic lean mice (Harrison et
al. 1984). These results argue that adipose fat mass is not a key determinant of longevity in CR
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mice. This conclusion is consistent with a previous longitudinal study that found that body
weight throughout life is not correlated with the lifespan of ad libitum fed rats (Bertrand et al.
1980).
More recent studies using the fat-specific insulin-receptor knockout (FIRKO) mouse, in
which the IR has been specifically knocked out in adipose tissue, suggest that adipose may have
an important effect on lifespan, perhaps through the action of a secreted factor. FIRKO mice
have increased median (18%) and maximum (14%) lifespan compared with phenotypically
normal littermate controls (Bluher et al. 2003). The knockout renders adipose cells insulin
resistant, but the mice are insulin sensitive and lean despite food intake equivalent to that of
controls. The mice also have increased systemic insulin sensitivity and resistance to diabetes,
even when fed a high-fat diet. The authors suggest that these effects may be due to the reduction
in fat mass.

Thus, a systemically-active secretory product from adipose tissue may be

responsible. Leptin, which is secreted by adipose, is unlikely to be this factor, since leptin levels
in FIRKO mice are similar to those in controls. Adiponectin, which is secreted by adipose, is a
possibility, since its level increases in CR rats and humans (Zhu et al. 2004; Weiss et al. 2006),
and it increases in FIRKO mice (Bluher et al. 2002). Other possible factors include steroid
hormones, as discussed by Russell and Kahn (Russell Kahn 2007). Adipose both synthesizes
and metabolizes sex steroids (Belanger et al. 2002). The diffusible factor also could be an
unidentified adipokine or small molecule.

2.19. Human BMI, morbidity, and mortality
CR men and women undergo many of the same metabolic adaptations that occur in CR
rodents and monkeys, including decreased metabolic, hormonal, and inflammatory risk factors
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for diabetes, cardiovascular disease, and cancer (see above for references).

Indeed, most

published studies focus on the relationship between BMI and disease-related mortality, because
caloric intake is difficult to measure in population based studies. Most of these studies find a
positive association between elevated BMI (obesity) and risk of mortality from all causes,
including cancer and cardiovascular disease, and reduced BMI with a lower risk of mortality
from cardiovascular disease and many types of cancer (Reviewed in Takata et al. 2007; Fair
Montgomery 2009). For example, a prospective cohort study of Swedish women diagnosed and
treated for anorexia prior to age 40 found that they had about half the risk of breast cancer
relative to age-matched controls (Michels Ekbom 2004).

A prospective cohort study of

Canadian women who consumed in excess of 2,406 kcal/ day had a significantly higher risk of
breast cancer than women who consumed less than 1,630 kcal/day (Silvera et al. 2006). Data
from the Shanghai Breast Cancer Study showed that women with higher BMIs or higher calorie
intakes and lower levels of physical activity were at increased risk of breast cancer (Malin et al.
2005). In both case-control and cohort studies, obesity has been consistently associated with
higher risk of colorectal cancer for both men and women (Slattery et al. 1997; Fair Montgomery
2009). Colon cancer risk in men with a BMI > 30 is increased by up to 80% (McMillan et al.
2006). A meta-analysis of 14 studies was used to estimate that excess weight accounts for 39%
of cancers of the endometrium and approximately 25% of cancers of the kidney and gallbladder
in both sexes (Bergstrom et al. 2001). An analysis of data from the first National Health and
Nutrition Examination Survey (NHANES), and the NHANES Epidemiologic Follow-up Study
encompassing 14,407 participants in the age group of 25–74 years found that all neoplasms in
women decreased with decreasing BMI from approximately a BMI of 29 to a BMI of 17 (Sunder
2005). A similar decrease was not found for men. Together, the results suggest that lower body
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weight, and presumably lower caloric intake is associated with reduced mortality from all causes,
including cancer and cardiovascular disease.
However, a number of such studies also show that there is an association between low
BMI and increased mortality from all causes, including cardiovascular disease, and cancer in the
middle aged and elderly. For example, a community-based longitudinal study of the association
between BMI and all-cause mortality in 80 to 84 year olds found that total mortality in the
overweight group was 52% less than that in the normal weight group (Takata et al. 2007). In this
study, underweight individuals had all-cause mortality 3.9 times higher, and mortality from
cancer 17.7 times higher than overweight individuals. Further, mortality from cardiovascular
disease was 4.6 times higher in the underweight compared to the normal-weight subjects. These
results are in agreement with studies of individuals aged 60 and older (Janssen et al. 2005),
adults and the elderly (Pitner 2005; Shahar et al. 2005), those 65 to 84 years of age (Sergi et al.
2005), those averaging 71 years of age (Wassertheil-Smoller et al. 2000), those averaging 73
years of age (Corrada et al. 2006), and those of middle-age (Flegal et al. 2005; Hayashi et al.
2005; Gu et al. 2006). Low BMI is also found associated with greater mortality and/or morbidity
from cardiovascular disease and cancer (Wassertheil-Smoller et al. 2000; Cui et al. 2005; Hu et
al. 2005; Chen et al. 2006).
A number of investigators have found “U shaped” survival versus BMI curves,
suggesting that being either underweight or overweight increases the risk of mortality. For
example, the estimated hazards ratio for individuals of 50–75 years of age is at a minimum from
a BMI of 25.7 to 28.9 for men, and from 24.5 to 29.0 for women (Sunder 2005). This range is
higher than typically considered healthy. A population study of Chinese adults found that a BMI
from 23.0 to 23.9 had a relative risk of all cause mortality of 1.00, and BMIs which were higher
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or lower had an increased risk of mortality from all causes (Gu et al. 2006). One possible
interpretation of these results is that low BMI among adults and the elderly leads to reduced
resistance to the stress of disease, or predisposes them to mortality from disease.
The studies above challenge the idea that human CR will lead to extended longevity.
However, there are a number of possible confounds to interpretation of these studies. Normal
weight or overweight people who survive into old age may be less susceptible to obesity related
diseases. The quality of the diets consumed by the low BMI individuals are difficult to assess,
and may lack nutrients important to longevity. The lower weight individuals in the studies are
not CR because their caloric intake reflects their individual ad libitum set-points, and not a
reduction from that set-point. Still, the absence of a verifiable 160 year old lean human is a
challenge to the view that human CR is likely to lead to robust lifespan extension.

2.20. CR insulin/IGFI signaling and human longevity
CR effects on human lifespan may not be readily detectable because of the dependence of
serum IGFI levels on diet composition in humans. There is overwhelming evidence that IGFI
and IGFR signaling are important to lifespan in metazoans, as reviewed above. Therefore, the
effects of CR on serum IGFI levels may be of key importance to its potential longevity effects in
humans. However, neither the Biosphere nor the CALERIE studies reported a decrease in serum
IGFI or the IGFI to IGFBP-3 ratio in humans after CR diets lasting from six months to two years
(Walford et al. 2002; Holloszy Fontana 2007; Redman Ravussin 2009). In contrast, Fontana et
al. found that total and free IGFI concentrations are significantly lower in moderately proteinrestricted CR individuals (Fontana et al. 2006a; Fontana et al. 2008). In a recent study, reducing
protein intake from an average of 1.67 g/kg body weight to 0.95 g/kg body weight per day for 3
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weeks in six volunteers already practicing CR reduced serum IGFI from 194 ng/ml to 152 ng/ml
(Fontana et al. 2008). Thus, unlike rodents, humans may need to reduce both protein and calorie
intake to lower their serum IGFI levels and their IGFI to IGFBP-3 ratios. Diet composition may
be especially important for humans to enjoy the longevity benefits of a CR lifestyle.
Despite the data from worms, flies and mice suggesting that lower IGFI levels promote
longevity, reduced IGFI levels may not be beneficial to health and longevity in humans. Human
IGFI and/or GH deficiency is associated with growth disorders, glucose dysregulation, increased
risk of cardiovascular disease and atherosclerosis, and reduced life expectancy (Arai et al. 2009;
Besson et al. 2003). Studies of a cohort of 252 centenarians found that the lowest tertile of IGFI
and IGFBP-3 serum concentrations were associated with increased mortality (Arai et al. 2008).
Higher serum IGFI levels appear to be associated with greater health and longevity.
Centenarians appear to have higher plasma IGF-I/IGFBP-3 ratios than those found in control
subjects of 75-99 years of age, even though IGFI levels declined with age in both groups
(Paolisso et al. 1997). Higher serum levels of IGFI also are associated with the ability of women
of all ages to recover and function better after hip fracture (Di Monaco et al. 2009). Further, the
anabolic activity of IGFI in tissues, including muscle and bone, appears to be beneficial to the
elderly (Lytras Tolis 2007). Recombinant human IGFI has been used in the treatment of Type 2
diabetes to improve insulin sensitivity and glycemic control (Abbas et al. 2008). IGFI may be a
protective factor for the vasculature, and be beneficial for treatment of chronic heart failure
(Abbas et al. 2008). Interventions that elevate IGFI levels in the brain appear to improve
cognitive functioning in deficient individuals, such as the elderly (Aleman Torres-Aleman 2009).
On the negative side, higher levels of IGF-I are associated with increased risk of some
types of cancer. For example, a meta-analysis of published studies confirmed that elevated
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circulating levels of IGFI are positively associated with prostate cancer risk, a common cancer
among elderly men (Rowlands et al. 2009). GH-induced IGFI is required for estrogen and
progesterone-mediated induction of mammary gland development and maintenance (Reviewed
in Kleinberg et al. 2009). However, there is growing consensus that the elevation of one or both
of these hormones also can drive progression from normal mammary development to the
development of precancerous mammary lesions (Kleinberg et al. 2009).
In contrast to the studies reviewed above, some data support the idea that lower IGFI
activity may be beneficial for human longevity. A study of a cohort of Ashkenazi Jewish
centenarians and their offspring found that reduced stature and elevated IGFI levels were present
in 35% of the female (but not the male) offspring of centenarians (Suh et al. 2008). IGFI
receptor mutations were found in transformed lymphocytes from 2.3% of the centenarians (Suh
et al. 2008). It has been proposed that these mutations may reduce receptor signaling, leading to
a compensatory increase in serum IGFI levels (Suh et al. 2008). In another study, individuals
who carry certain genotype combinations at the IGFI receptor and PI3KCB genes appear to have
longer lifespans and higher free plasma levels of IGFI, perhaps due to reduced IGFI receptor
activity (Bonafe et al. 2003). These results are indirect, but consistent with the low levels of
cancer found among centenarians (Salvioli et al. 2009). Elevated IGFI receptor signaling is
associated with higher rates of carcinogenesis (see section 2.8.2.).

2.21. The search for longevity therapeutics
As discussed above, there are many published epidemiological and clinical studies
suggesting that CR decreases the incidence of cardiovascular disease, type 2 diabetes, and cancer
in humans. However, also as reviewed above, there is much we do not know about how low
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calorie diets and low BMI affect human longevity, especially in the elderly. Despite these
considerations, the sales of weight reduction products produce billions of dollars in profits for
companies every year, although none of these products are effective in the long run. Even in
mice, hunger induced by a CR diet does not diminish over time (Hambly et al. 2007). Family
studies demonstrate that tendencies toward obesity or thinness are largely inherited (Maes et al.
1997). Twin and adoption studies also indicate that weight is largely genetically determined
(Stunkard et al. 1986; Sorensen et al. 1989; Stunkard et al. 1990). Thus, it is unlikely that we
will avail ourselves of the benefits of being even the “ideal weight” specified by the
Metropolitan Height and Weight Tables for Men and Women (Anonymous 1979). Because
humans are not experimental animals maintained in clean, low stress environments, it is not clear
if the potential benefits of human CR will be greater than the downsides. However, mild CR in
obese humans is very likely to lead to improved health and longevity.
Despite the limitations, the existence of multiple dietary interventions and a number of
natural mutations, gene knockout and transgene overexpressing mice with extended longevities
suggests that druggable therapeutic targets exist in mammals (Brown-Borg et al. 1996; Zhou et
al. 1997; Coschigano et al. 2000; Flurkey et al. 2001; Holzenberger et al. 2003; Kurosu et al.
2005; Taguchi et al. 2007; Selman et al. 2008). However, the identification of these targets
continues to be a challenge. There have been numerous attempts to use surrogate assays to
identify compounds that can reproduce the longevity and health effects of CR and the
mammalian longevity mutations. One strategy has been rodent-lifespan assays. Unfortunately
the literature produced by this effort is largely confounded and unreliable (Spindler 2009).

75

2.21.1. The literature describing compound screening for lifespan effects is
unreliable
We searched for studies reporting lifespan extension in normal, healthy rodents using
repeated key word searches of the PubMed database.

We identified 65 lifespan studies

performed using healthy, long-lived rodents, not including 21 contradictory melatonin lifespan
studies (Reviewed in Anisimov et al. 2006; Spindler 2009). Of these studies, 18 report no effect,
or a shortening of lifespan (Spindler 2009); 5 would be difficult to repeat because the preparation
and composition of the treatment agents are published in difficult to obtain journals (Kohn 1971;
Emanuel Obukhova 1978; Anisimov et al. 1989; Ghanta et al. 1990; Anisimov et al. 1997); one
reports a shortening of lifespan; 3 are uninterpretable due to lack of information regarding dose,
route of administration, number or kind of animals used, high early mortality, or unusually short
control lifespans; and 29 report results that are likely artifacts of “voluntary” CR (Spindler
2009). In most of these studies, neither food intake nor body weight were measured or reported.
In some cases the authors write that there was no change in body weight or food intake.
However, no data are shown, no indication is given of when or how many times during the study
the weight measurements were taken, the means and standard deviations of the measurements, or
the statistics used. Three of these studies purport to show lifespan extension, but the data are
equivocal (Kohn Leash 1967; Ferder et al. 1993; Popovich et al. 2003). Other studies suffer
from unexplained, high early mortality, mortality due to air-conditioning malfunctions, short
control lifespans, or other problems.
Only 2 studies measured food consumption and found lifespan extension (Yen Knoll
1992; Caldeira da Silva et al. 2008). Deprenyl (a monoamine oxidase-B inhibitor) and Dinh lang
root extract (a traditional medicine used in the Far East) were reported to extend the lifespan of
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mice (Yen Knoll 1992), and dinitrophenol (an uncoupler of oxidative phosphorylation) slightly
extended the median and mean lifespan of a normal, but relatively short lived mouse (Caldeira da
Silva et al. 2008). Six other treatments extended lifespan and provided data showing that body
weight did not change. These 6 treatments are: 2-mercaptoethanol (a hydroxyl radical scavenger
and disulfide bond reductant) administered orally to male BC3F1 mice (Heidrick et al. 1984);
cornstarch vs. sucrose-containing diets fed to Fischer 344 rats (Murtagh-Mark et al. 1995);
deprenyl fed to Syrian hamsters (Stoll et al. 1994; Stoll et al. 1997); ginkgo biloba extract (a
traditional Asian herbal medicine) administered orally to male Fischer rats (Winter 1998); green
tea polyphenols (some of which are potent inhibitors of fatty acid synthase and thereby cancer
cell growth) administered in drinking water to male C57BL/6 mice (Kitani et al. 2007); N-tert-αphenyl-butylnitrone (a.k.a. PBN, a spintrap antioxidant) fed to C57BL/6J male mice (Saito et al.
1998), and piperoxane (an α2-adrenoceptor antagonist) administered by injection to Fischer 344
rats (Compton et al. 1995). However, several of these studies may lack sufficient statistical
power to reliably detect a small change in body weight due to small sample size. Even a small
decrease in caloric consumption can lead to lifespan extension in rodents (Compton et al. 1995;
Merry 2002).
It is common for natural products and pharmaceuticals to induce “voluntary” CR when
administered orally to mice. Oral treatment of mice with a 15% kombucha extract (a tea and
sugar solution fermented by a symbiotic colony of staphylocci and pseudomonae, and yeast)
extends the lifespan of C57BL/6 mice by 5% (males) and 2% (females) (Hartmann et al. 2000).
But, kombucha extract is anoretic and reduces the weight of male mice from 30 g to 22 g and
female mice from 25 g to 21 g, introducing a CR-related confound into interpretation of these
data (Hartmann et al. 2000). Two multi-component nutraceutical mixtures were reported to
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extend the lifespan of mice (Bezlepkin et al. 1996; Lemon et al. 2005). One combination
(containing β-carotene, α-tocopherol, ascorbic acid, selenite, and zinc), fed to male C57BL/6
mice, reportedly extended their lifespan by 9.5% and 16% (mean and maximum, respectively)
(Bezlepkin et al. 1996). The other combination (containing 31 components including vitamins
and minerals), fed ad libitum to C57BL/6JxSJL hybrid mice, reportedly extended mean longevity
by ~11% (Lemon et al. 2005). In both studies the authors state that the body weights were
similar between treated and control. However, neither specified at what ages the mice were
weighed, how many times they were weighed, how long they had been consuming the diets
when weighed, their weights, or the statistical test used. We found that the mixture studied by
Lemon et al. (Lemon et al. 2005) is anoretic (P.L. Mote and S.R. Spindler, unpublished). Male
C3B6F1 mice fed this supplement mix cold packed in pellets of the chemically defined AIN93M diet, fed at 93 kcal per week, restrict their food intake by ~5% or more relative to mice not
receiving the supplement (S.R. Spindler and P.L. Mote, unpublished observations). Thus, a CR
effect cannot be excluded from these published studies, and even appears to be the likely
explanation for the lifespan extension observed by Lemon et al.
Notable among the recent lifespan studies published without either controlling food
consumption or reporting body weight was the study discussed above in which
microencapsulated rapamycin, fed to mice beginning at 600 days of age, appeared to
significantly extend the mean and maximum lifespan of both males and females (Harrison et al.
2009). Average lifespan was extended by an average of about 10% in males and about 13% in
females. This is a potentially important result because it is the first well supported report of
lifespan extension in old mice using a pharmacologic agent.
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The use of enfeebled, transgenic, knockout, or short-lived rodent strains; and the use of
pro-oxidants, toxins, carcinogens, radiation treatment, and transplanted or induced tumors
introduces other confounds into lifespan studies (Spindler 2009). There is no evidence that
compounds that mitigate the effects of such enfeeblements are capable of extending the lifespan
of healthy rodents or humans.

Studies of enfeebled rodents have not proven helpful for

identifying nutrients or drugs capable of extending the lifespans of healthy rodents or humans.

2.21.2. Preferred design for screening longevity therapeutics using rodent
lifespan
Review of the studies outlined above led us to design and execute a lifespan study
involving 62 treatment groups of mice (Spindler 2009). These studies observed a number of
design parameters which are essential for obtaining meaningful rodent lifespan results (Spindler
2009). These are: 1) Use of a long-lived, healthy rodent strain, preferably an F1 or further
outcrossed strain. 2) Feeding of the diets in measured amounts. The presence of any uneaten
food can be noted, and the subsequent day’s allotment of food adjusted accordingly. The amount
of food fed to the entire study can be reduced if food is left by a treatment group. 3) Feeding of
only chemically defined diets, such as the AIN diets, in any study. 4) Use of daily feeding. This
ensures that the animals are dosed daily with an effective concentration of the test compounds.
5) Use of a positive control, such as a CR group. Most lifespan studies are published without a
positive control. However, negative results are uninterpretable in the absence of a positive
control.

2.21.3. Screening longevity therapeutics using surrogate biomarkers
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Another approach we have explored for identifying longevity therapeutics is screening of
compounds for their ability to reproduce surrogate markers of extended health and longevity.
We used the genome wide, gene expression signature of LTCR as the surrogate marker (Spindler
Mote 2007). Gene expression patterns appear to be reliable indicators of biological status. For
example, the gene expression patterns of primary tumor cells appear to be useful for predicting
clinical outcomes such as chemosensitivity, metastases, and survival (Rosenwald et al. 2002;
Vasselli et al. 2003). In mice, both the anticancer and the gene-expression response of the liver
to CR is rapid (Dhahbi et al. 2004). A similarly rapid, but less extensive response also was
found in heart (Dhahbi et al. 2006). We found that 8 weeks of metformin treatment of old mice
was superior to even 8 weeks of CR at reproducing the global gene expression signature of
LTCR in liver (Dhahbi et al. 2005). As discussed in section 2.5.3., metformin increases insulin
sensitivity, decreases hepatic gluconeogenesis, inhibits the development of metabolic syndrome,
may reduce cancer risk in humans and animals, and extends the lifespan of short-lived or
enfeebled mice.

These results suggest that gene-expression profiling is useful for the

identification of potential longevity therapeutics.
Thus, the results of our work reviewed above, and work of others (Corton et al. 2004;
Ingram et al. 2006; Miller et al. 2007; Anisimov et al. 2008; Caldeira da Silva et al. 2008;
Pearson et al. 2008; Strong et al. 2008) suggest that longevity therapeutics exist, that procedures
can be developed for identifying them, and that eventually such therapeutics will be used to
extend the healthy human lifespan. When this goal is attained, we will have fulfilled one of the
most ancient of human goals (Walford 1998).

3. Conclusions
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We know that it is possible to extend the mean and/or maximum lifespan of mammals by
reducing dietary calories, protein, methionine, or tryptophan; or by reducing insulin and/or IGFI
signaling. These interventions also delay the onset of deleterious age-related physiological
changes and diseases. At least in mice and Drosophila, lifespan extension can be reversibly
induced by CR, even in “middle age”.

The longevity and health effects of CR are

phylogenetically widespread. CR appears to be an adaption to boom and bust cycles in the food
supply. Whether human lifespan can be similarly extended by CR or any means remains open to
debate. However, studies in humans indicate that CR produces many of the same physiologic,
hematologic, hormonal, and biochemical changes produced in species which experience lifespan
extension. In humans, non-human primates, and rodents, CR provides protection from type 2
diabetes, cardiovascular and cerebral vascular disease, age-related immunological decline,
malignancy, hepatotoxicity, liver fibrosis and failure, sarcopenia, systemic inflammation, and
DNA damage. It produces intense organelle, lipid and protein turnover and renewal, enhances
muscle mitochondrial biogenesis, affords neuroprotection; and extends mean and in some cases
maximum lifespan. CR also may increase apoptosis rates in tissues capable of cell replacement
and in tumors. The lifespan effects of CR are dose and duration responsive in rodents. Meal
frequency appears to have little, if any effect on the lifespan response. In mice, CR rapidly
induces powerful antineoplastic effects in the liver and lung, and salutary effects on the
physiology of the cardiovascular system. CR induces transient increases in serum glucocorticoid
levels, and glucocorticoids appear to be required for at least some of the anticancer effects of CR
in rodents. In dogs, CR mitigates the onset of arthritis. CR, amino acid restriction, and disrupted
insulin and IGF-I signaling also downregulate thyroid hormones, and reproductive hormones and
activity. CR lowers the mean body temperature of homeotherms such as mice, rats, monkeys
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and humans, and this appears to contribute to its health and longevity effects in mice.
Hypothermia also appears to contribute to the enhanced longevity of long-lived mutant mice. In
addition to its effects on the insulin and IGF-I signaling systems, CR may also induce lifespan
extension by altering the activity of transcription factors SirT1, PGC-1α, and AMPK.
Paradoxically, low body weight in middle aged and elderly humans is associated with increased
mortality. Thus, a caloric intake below that required to maintain a BMI associated with a low
relative risk of all cause mortality may be unlikely to extend human maximum lifespan.
Enhancement of human maximum lifespan may require pharmaceutical interventions. A number
of surrogate assays are currently being applied in the search for authentic longevity
pharmaceuticals. The literature claiming to have identified drugs or nutrients which extend the
lifespan of rodents are almost uniformly confounded by design flaws, most commonly, by
induced “voluntary” CR. We suggest a number of design parameters which will avoid such
confounds in future studies.

4. Footnotes

1

Hybrid (F1) rodents are produced by crossing mice of two different inbred strains. Although

they are heterozygous at all loci for which their parents have different alleles, they are
genetically and phenotypically uniform. The standard nomenclature lists the female parent first
and the male parent second, separated by an “x”. For some F1 rodent strains a single name is
used which is derived from an abbreviation for the female parent strain (listed first) and an
abbreviation for the male parent strain (listed second) followed by F1. For example, a cross
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between a female C57BL/6 and a male DBA/2 mouse can be designated as a “C57BL/6 x
DBA/2” or as a “B6D2F1” strain mouse.
2

IGFBP-3 is the most abundant member of the IGFBP family in serum. It binds and sequesters

IGFI and IGFII in a circulating complex, which inhibits their interaction with the IGFIR, thereby
reducing their mitogenic and anti-apoptotic activities. While IGFBP-3 is generally regarded as
an inhibitor of IGFI action, under some circumstances it can enhance the activity of IGFI by
increasing its bioavailability.
5. Acknowledgements

The author would like to thank Ms Patricia L. Mote and Ms Mehgan Hassanzadah for
reading this manuscript and providing helpful comments and suggestions.

6. References

Abbas, A., Grant, P.J., Kearney, M.T., 2008. Role of IGF-1 in glucose regulation and
cardiovascular disease. Expert Rev Cardiovasc Ther 6, 1135-1149.
Aleman, A., Torres-Aleman, I., 2009. Circulating insulin-like growth factor I and cognitive
function: Neuromodulation throughout the lifespan. Prog Neurobiol, E-published ahead of
print.
Alessi, D.R., Sakamoto, K., Bayascas, J.R., 2006. Lkb1-dependent signaling pathways. Annu
Rev Biochem 75:137-63., 137-163.

83

Alexia, C., Fourmatgeat, P., Delautier, D., Groyer, A., 2006. Insulin-like growth factor-I
stimulates H(4)II rat hepatoma cell proliferation: Dominant role of PI-3'K/Akt signaling. Exp
Cell Res 312, 1142-1152.
Alexia, C., Lasfer, M., Groyer, A., 2004. Role of constitutively activated and insulin-like growth
factor-stimulated ERK1/2 signaling in human hepatoma cell proliferation and apoptosis:
evidence for heterogeneity of tumor cell lines. Ann N Y Acad Sci 1030, 219-229.
Alimova, I.N., Liu, B., Fan, Z., Edgerton, S.M., Dillon, T., Lind, S.E., Thor, A.D., 2009.
Metformin inhibits breast cancer cell growth, colony formation and induces cell cycle arrest in
vitro. Cell Cycle 8, 909-915.
Anderson, R.M., Shanmuganayagan, D., Weindruch, R., 2009. Caloric Restriction and Aging:
Studies in Mice and Monkeys. Toxicol Pathol 37, 47-51.
Anisimov, V.N., Berstein, L.M., Egormin, P.A., Piskunova, T.S., Popovich, I.G., Zabezhinski,
M.A., Kovalenko, I.G., Poroshina, T.E., Semenchenko, A.V., Provinciali, M., Re, F.,
Franceschi, C., 2005a. Effect of metformin on life span and on the development of spontaneous
mammary tumors in HER-2/neu transgenic mice. Exp Gerontol 40, 685-693.
Anisimov, V.N., Berstein, L.M., Egormin, P.A., Piskunova, T.S., Popovich, I.G., Zabezhinski,
M.A., Tyndyk, M.L., Yurova, M.V., Kovalenko, I.G., Poroshina, T.E., Semenchenko, A.V.,
2008. Metformin slows down aging and extends life span of female SHR mice. Cell Cycle 7,
2769-2773.

84

Anisimov, V.N., Egormin, P.A., Bershtein, L.M., Zabezhinskii, M.A., Piskunova, T.S.,
Popovich, I.G., Semenchenko, A.V., 2005b. Metformin decelerates aging and development of
mammary tumors in HER-2/neu transgenic mice. Bull Exp Biol Med 139, 721-723.
Anisimov, V.N., Loktionov, A.S., Khavinson, V.K., Morozov, V.G., 1989. Effect of lowmolecular-weight factors of thymus and pineal gland on life span and spontaneous tumour
development in female mice of different age. Mech Ageing Dev 49, 245-257.
Anisimov, V.N., Mylnikov, S.V., Oparina, T.I., Khavinson, V.K., 1997. Effect of melatonin and
pineal peptide preparation epithalamin on life span and free radical oxidation in Drosophila
melanogaster. Mech Ageing Dev 97, 81-91.
Anisimov, V.N., Popovich, I.G., Zabezhinski, M.A., Anisimov, S.V., Vesnushkin, G.M.,
Vinogradova, I.A., 2006. Melatonin as antioxidant, geroprotector and anticarcinogen. Biochim
Biophys Acta 1757, 573-589.
Anisimov, V.N., Semenchenko, A.V., Yashin, A.I., 2003. Insulin and longevity: antidiabetic
biguanides as geroprotectors. Biogerontology 4, 297-307.
Anonymous, 1979. 1996,1999 Metropolitan Life Insurance Company Build Study. Society of
Actuaries and Association of Life Insurance Medical Directors of America, 1980.
http://www.bcbst com/MPManual/HW htm.
Anonymous, 2007. WHO, WHAT, WHY?: What are my chances of living to 100? BBC News
Magazine Tuesday, 24 April 2007.

85

Anversa, P., Palackal, T., Sonnenblick, E.H., Olivetti, G., Meggs, L.G., Capasso, J.M., 1990.
Myocyte cell loss and myocyte cellular hyperplasia in the hypertrophied aging rat heart. Circ
Res 67, 871-885.
Apfeld, J., O'Connor, G., McDonagh, T., Distefano, P.S., Curtis, R., 2004. The AMP-activated
protein kinase AAK-2 links energy levels and insulin-like signals to lifespan in C. elegans.
Genes Dev 18, 3004-3009.
Arai, Y., Kojima, T., Takayama, M., Hirose, N., 2009. The metabolic syndrome, IGF-1, and
insulin action. Mol Cell Endocrinol 299, 124-128.
Arai, Y., Takayama, M., Gondo, Y., Inagaki, H., Yamamura, K., Nakazawa, S., Kojima, T.,
Ebihara, Y., Shimizu, K., Masui, Y., Kitagawa, K., Takebayashi, T., Hirose, N., 2008. Adipose
endocrine function, insulin-like growth factor-1 axis, and exceptional survival beyond 100
years of age. J Gerontol A Biol Sci Med Sci 63, 1209-1218.
Armentero, M.T., Levandis, G., Bramanti, P., Nappi, G., Blandini, F., 2008. Dietary restriction
does not prevent nigrostriatal degeneration in the 6-hydroxydopamine model of Parkinson's
disease. Exp Neurol 212, 548-551.
Arsham, A.M., Neufeld, T.P., 2006. Thinking globally and acting locally with TOR. Curr Opin
Cell Biol 18, 589-597.
Austad, S.N., 1989. Life extension by dietary restriction in the bowl and doily spider, Frontinella
pyramitela. Exp Gerontol 24, 83-92.

86

Bakala, H., Delaval, E., Hamelin, M., Bismuth, J., Borot-Laloi, C., Corman, B., Friguet, B.,
2003. Changes in rat liver mitochondria with aging. Lon protease-like reactivity and
N(epsilon)-carboxymethyllysine accumulation in the matrix. Eur J Biochem 270, 2295-2302.
Baker, D.J., Betik, A.C., Krause, D.J., Hepple, R.T., 2006. No decline in skeletal muscle
oxidative capacity with aging in long-term calorically restricted rats: effects are independent of
mitochondrial DNA integrity. J Gerontol A Biol Sci Med Sci 61, 675-684.
Ball, Z.B., Barnes, R.H., Visscher, M.B., 1947. The effects of dietary caloric restriction on
maturity and senescence, with particular reference to fertility and longevity. Am J Physiol 150,
511-519.
Bartke, A., 2005. Minireview: Role of the growth hormone/insulin-like growth factor system in
Mammalian aging. Endocrinology 146, 3718-3723.
Bartke, A., 2006. Long-lived Klotho mice: new insights into the roles of IGF-1 and insulin in
aging. Trends Endocrinol Metab 17, 33-35.
Bartke, A., 2008a. Impact of reduced insulin-like growth factor-1/insulin signaling on aging in
mammals: novel findings. Aging Cell 7, 285-290.
Bartke, A., 2008b. Insulin and aging. Cell Cycle 7, 3338-3343.
Bartke, A., Bonkowski, M., Masternak, M., 2008. How diet interacts with longevity genes.
Hormones (Athens ) 7, 17-23.
Bartke, A., Brown-Borg, H., 2004. Life extension in the dwarf mouse. Curr Top Dev Biol 63,
189-225.

87

Bartke, A., Wright, J.C., Mattison, J.A., Ingram, D.K., Miller, R.A., Roth, G.S., 2001. Extending
the lifespan of long-lived mice. Nature 414, 412.
Baserga, R., Peruzzi, F., Reiss, K., 2003. The IGF-1 receptor in cancer biology. Int J Cancer 107,
873-877.
Beauchene, R.E., Bales, C.W., Bragg, C.S., Hawkins, S.T., Mason, R.L., 1986. Effect of age of
initiation of feed restriction on growth, body composition, and longevity of rats. J Gerontol 41,
13-19.
Bejma, J., Ji, L.L., 1999. Aging and acute exercise enhance free radical generation in rat skeletal
muscle. J Appl Physiol 87, 465-470.
Belanger, C., Luu-The, V., Dupont, P., Tchernof, A., 2002. Adipose tissue intracrinology:
potential importance of local androgen/estrogen metabolism in the regulation of adiposity.
Horm Metab Res 34, 737-745.
Bergamini, E., 2006. Autophagy: A cell repair mechanism that retards ageing and age-associated
diseases and can be intensified pharmacologically. Molecular Aspects of Medicine 27, 403410.
Bergamini, E., Cavallini, G., Donati, A., Gori, Z., 2007. The role of autophagy in aging: its
essential part in the anti-aging mechanism of caloric restriction. Ann N Y Acad Sci 1114, 6978.
Bergstrom, A., Pisani, P., Tenet, V., Wolk, A., Adami, H.O., 2001. Overweight as an avoidable
cause of cancer in Europe. Int J Cancer 91, 421-430.

88

Bertrand, H.A., Lynd, F.T., Masoro, E.J., Yu, B.P., 1980. Changes in adipose mass and
cellularity through the adult life of rats fed ad libitum or a life-prolonging restricted diet. J
Gerontol 35, 827-835.
Besson, A., Salemi, S., Gallati, S., Jenal, A., Horn, R., Mullis, P.S., Mullis, P.E., 2003. Reduced
longevity in untreated patients with isolated growth hormone deficiency. J Clin Endocrinol
Metab 88, 3664-3667.
Bezlepkin, V.G., Sirota, N.P., Gaziev, A.I., 1996. The prolongation of survival in mice by
dietary antioxidants depends on their age by the start of feeding this diet. Mech Ageing Dev 92,
227-234.
Bhaskar, P.T., Hay, N., 2007. The two TORCs and Akt. Dev Cell 12, 487-502.
Biddinger, S.B., Kahn, C.R., 2006. From Mice to Men: Insights into the Insulin Resistance
Syndromes. Annu Rev Physiol 68, 123-158.
Bjornsti, M.A., Houghton, P.J., 2004. The TOR pathway: a target for cancer therapy. Nat Rev
Cancer 4, 335-348.
Blackwell, B.N., Bucci, T.J., Hart, R.W., Turturro, A., 1995. Longevity, body weight, and
neoplasia in ad libitum-fed and diet- restricted C57BL6 mice fed NIH-31 open formula diet.
Toxicol Pathol 23, 570-582.
Bluher, M., Kahn, B.B., Kahn, C.R., 2003. Extended longevity in mice lacking the insulin
receptor in adipose tissue. Science 299, 572-574.

89

Bluher, M., Michael, M.D., Peroni, O.D., Ueki, K., Carter, N., Kahn, B.B., Kahn, C.R., 2002.
Adipose tissue selective insulin receptor knockout protects against obesity and obesity-related
glucose intolerance. Dev Cell 3, 25-38.
Bodkin, N.L., Alexander, T.M., Ortmeyer, H.K., Johnson, E., Hansen, B.C., 2003. Mortality and
morbidity in laboratory-maintained Rhesus monkeys and effects of long-term dietary
restriction. J Gerontol A Biol Sci Med Sci 58, 212-219.
Bodkin, N.L., Ortmeyer, H.K., Hansen, B.C., 1995. Long-term dietary restriction in older-aged
rhesus monkeys: effects on insulin resistance. J Gerontol A Biol Sci Med Sci 50, B142-B147.
Boileau, T.W., Liao, Z., Kim, S., Lemeshow, S., Erdman, J.W., Jr., Clinton, S.K., 2003. Prostate
carcinogenesis in N-methyl-N-nitrosourea (NMU)-testosterone-treated rats fed tomato powder,
lycopene, or energy-restricted diets. J Natl Cancer Inst 95, 1578-1586.
Boily, G., Seifert, E.L., Bevilacqua, L., He, X.H., Sabourin, G., Estey, C., Moffat, C., Crawford,
S., Saliba, S., Jardine, K., Xuan, J., Evans, M., Harper, M.E., McBurney, M.W., 2008. SirT1
regulates energy metabolism and response to caloric restriction in mice. PLoS ONE 3, e1759.
Boissan, M., Beurel, E., Wendum, D., Rey, C., Lecluse, Y., Housset, C., Lacombe, M.L.,
Desbois-Mouthon, C., 2005. Overexpression of insulin receptor substrate-2 in human and
murine hepatocellular carcinoma. Am J Pathol 167, 869-877.
Bonafe, M., Barbieri, M., Marchegiani, F., Olivieri, F., Ragno, E., Giampieri, C., Mugianesi, E.,
Centurelli, M., Franceschi, C., Paolisso, G., 2003. Polymorphic variants of insulin-like growth
factor I (IGF-I) receptor and phosphoinositide 3-kinase genes affect IGF-I plasma levels and

90

human longevity: cues for an evolutionarily conserved mechanism of life span control. J Clin
Endocrinol Metab 88, 3299-3304.
Bonkowski, M.S., Dominici, F.P., Arum, O., Rocha, J.S., Al Regaiey, K.A., Westbrook, R.,
Spong, A., Panici, J., Masternak, M.M., Kopchick, J.J., Bartke, A., 2009. Disruption of growth
hormone receptor prevents calorie restriction from improving insulin action and longevity.
PLoS ONE 4, e4567.
Bonkowski, M.S., Rocha, J.S., Masternak, M.M., Al Regaiey, K.A., Bartke, A., 2006. Targeted
disruption of growth hormone receptor interferes with the beneficial actions of calorie
restriction. Proc Natl Acad Sci U S A 103, 7901-7905.
Bowker, S.L., Majumdar, S.R., Veugelers, P., Johnson, J.A., 2006. Increased cancer-related
mortality for patients with type 2 diabetes who use sulfonylureas or insulin. Diabetes Care 29,
254-258.
Brachmann, S., Fritsch, C., Maira, S.M., Garcia-Echeverria, C., 2009. PI3K and mTOR
inhibitors: a new generation of targeted anticancer agents. Curr Opin Cell Biol 21, 194-198.
Brown-Borg, H.M., Borg, K.E., Meliska, C.J., Bartke, A., 1996. Dwarf mice and the ageing
process. Nature 384, 33.
Brunet, A., Sweeney, L.B., Sturgill, J.F., Chua, K.F., Greer, P.L., Lin, Y., Tran, H., Ross, S.E.,
Mostoslavsky, R., Cohen, H.Y., Hu, L.S., Cheng, H.L., Jedrychowski, M.P., Gygi, S.P.,
Sinclair, D.A., Alt, F.W., Greenberg, M.E., 2004. Stress-dependent regulation of FOXO
transcription factors by the SIRT1 deacetylase. Science 303, 2011-2015.

91

Bruning, J.C., Gautam, D., Burks, D.J., Gillette, J., Schubert, M., Orban, P.C., Klein, R., Krone,
W., Muller-Wieland, D., Kahn, C.R., 2000. Role of brain insulin receptor in control of body
weight and reproduction. Science 289, 2122-2125.
Budunova, I.V., Kowalczyk, D., Perez, P., Yao, Y.J., Jorcano, J.L., Slaga, T.J., 2003.
Glucocorticoid receptor functions as a potent suppressor of mouse skin carcinogenesis.
Oncogene 22, 3279-3287.
Burke, S.N., Barnes, C.A., 2006. Neural plasticity in the ageing brain. Nat Rev Neurosci 7, 3040.
Burks, D.J., Font, d.M., Schubert, M., Withers, D.J., Myers, M.G., Towery, H.H., Altamuro,
S.L., Flint, C.L., White, M.F., 2000. IRS-2 pathways integrate female reproduction and energy
homeostasis. Nature 407, 377-382.
Bussiere, C.T., Lakey, J.R., Shapiro, A.M., Korbutt, G.S., 2006. The impact of the mTOR
inhibitor sirolimus on the proliferation and function of pancreatic islets and ductal cells.
Diabetologia 49, 2341-2349.
Caldeira da Silva, C.C., Cerqueira, F.M., Barbosa, L.F., Medeiros, M.H., Kowaltowski, A.J.,
2008. Mild Mitochondrial Uncoupling in Mice Affects Energy Metabolism, Redox Balance and
Longevity. Aging Cell 7, 552-560.
Canto, C., Auwerx, J., 2009. PGC-1alpha, SIRT1 and AMPK, an energy sensing network that
controls energy expenditure. Curr Opin Lipidol 20, 98-105.

92

Cao, S.X., Dhahbi, J.M., Mote, P.L., Spindler, S.R., 2001. Genomic profiling of short- and longterm caloric restriction effects in the liver of aging mice. Proc Natl Acad Sci U S A 98, 1063010635.
Carey, J.R., Liedo, P., Harshman, L., Zhang, Y., Muller, H.G., Partridge, L., Wang, J.L., 2002.
Life history response of Mediterranean fruit flies to dietary restriction. Aging Cell 1, 140-148.
Carey, J.R., Liedo, P., Muller, H.G., Wang, J.L., Zhang, Y., Harshman, L., 2005. Stochastic
dietary restriction using a Markov-chain feeding protocol elicits complex, life history response
in medflies. Aging Cell 4, 31-39.
Carling, D., 2004. The AMP-activated protein kinase cascade--a unifying system for energy
control. Trends Biochem Sci 29, 18-24.
Carlson, A.J., Hoelzel, F., 1946. Apparent prolongation of the life-span of rats by intermittent
fasting. J Nutr 31, 363-375.
Caro, P., Gomez, J., Lopez-Torres, M., Sanchez, I., Naudi, A., Portero-Otin, M., Pamplona, R.,
Barja, G., 2008. Effect of every other day feeding on mitochondrial free radical production and
oxidative stress in mouse liver. Rejuvenation Res 11, 621-629.
Carvalho, G.B., Kapahi, P., Benzer, S., 2005. Compensatory ingestion upon dietary restriction in
Drosophila melanogaster. Nat Methods 2, 813-815.
Cavallini, G., Donati, A., Gori, Z., Pollera, M., Bergamini, E., 2001. The protection of rat liver
autophagic proteolysis from the age-related decline co-varies with the duration of anti-ageing
food restriction. Exp Gerontol 36, 497-506.

93

Cha, S.H., Rodgers, J.T., Puigserver, P., Chohnan, S., Lane, M.D., 2006. Hypothalamic malonylCoA triggers mitochondrial biogenesis and oxidative gene expression in skeletal muscle: Role
of PGC-1alpha. Proc Natl Acad Sci U S A 103, 15410-15415.
Chandrashekar, V., Bartke, A., 2003. The role of insulin-like growth factor-I in neuroendocrine
function and the consequent effects on sexual maturation: inferences from animal models.
Reprod Biol 3, 7-28.
Chapman, T., Partridge, L., 1996. Female fitness in Drosophila melanogaster: an interaction
between the effect of nutrition and of encounter rate with males. Proc Biol Sci 263, 755-759.
Chen, D., Steele, A.D., Lindquist, S., Guarente, L., 2005. Increase in activity during calorie
restriction requires Sirt1. Science 310, 1641.
Chen, Z., Yang, G., Zhou, M., Smith, M., Offer, A., Ma, J., Wang, L., Pan, H., Whitlock, G.,
Collins, R., Niu, S., Peto, R., 2006. Body mass index and mortality from ischaemic heart
disease in a lean population: 10 year prospective study of 220,000 adult men. Int J Epidemiol
35, 141-150.
Cheney, K.E., Liu, R.K., Smith, G.S., Leung, R.E., Mickey, M.R., Walford, R.L., 1980. Survival
and disease patterns in C57BL/6J mice subjected to undernutrition. Exp Gerontol 15, 237-258.
Cheney, K.E., Liu, R.K., Smith, G.S., Meredith, P.J., Mickey, M.R., Walford, R.L., 1983. The
effect of dietary restriction of varying duration on survival, tumor patterns, immune function,
and body temperature in B10C3F1 female mice. J Gerontol 38, 420-430.

94

Cheng, H.L., Mostoslavsky, R., Saito, S., Manis, J.P., Gu, Y., Patel, P., Bronson, R., Appella, E.,
Alt, F.W., Chua, K.F., 2003. Developmental defects and p53 hyperacetylation in Sir2 homolog
(SIRT1)-deficient mice. Proc Natl Acad Sci U S A 100, 10794-10799.
Chiang, A.C., Massague, J., 2008. Molecular basis of metastasis. N Engl J Med 359, 2814-2823.
Chippindale, A.K., Leroi, A., Kim, S.B., Rose, M.R., 1993. Phenotypic plasticity and selection in
Drosophila life history evolution. 1. Nutrition and the cost of reproduction. J Evol Biol 6, 171193.
Civitarese, A.E., Carling, S., Heilbronn, L.K., Hulver, M.H., Ukropcova, B., Deutsch, W.A.,
Smith, S.R., Ravussin, E., 2007. Calorie restriction increases muscle mitochondrial biogenesis
in healthy humans. PLoS Med 4, e76.
Clancy, D.J., Gems, D., Hafen, E., Leevers, S.J., Partridge, L., 2002. Dietary restriction in longlived dwarf flies. Science 296, 319.
Clancy, D.J., Gems, D., Harshman, L.G., Oldham, S., Stocker, H., Hafen, E., Leevers, S.J.,
Partridge, L., 2001. Extension of life-span by loss of CHICO, a Drosophila insulin receptor
substrate protein. Science 292, 104-106.
Colman, R.J., Anderson, R.M., Johnson, S.C., Kastman, E.K., Kosmatka, K.J., Beasley, T.M.,
Allison, D.B., Cruzen, C., Simmons, H.A., Kemnitz, J.W., Weindruch, R., 2009. Caloric
Restriction Delays Disease Onset and Mortality in Rhesus Monkeys. Science 325, 201-204.
Colman, R.J., Beasley, T.M., Allison, D.B., Weindruch, R., 2008. Attenuation of sarcopenia by
dietary restriction in rhesus monkeys. J Gerontol A Biol Sci Med Sci 63, 556-559.

95

Colman, R.J., Roecker, E.B., Ramsey, J.J., Kemnitz, J.W., 1998. The effect of dietary restriction
on body composition in adult male and female rhesus macaques. Aging (Milano) 10, 83-92.
Colucci, W.S., 1997. Molecular and cellular mechanisms of myocardial failure. Am J Cardiol 80,
15L-25L.
Comfort, A., 1963. Effect of delayed and resumed growth on the longevity of a fish (Lebistes
reticulatus, Peters) in captivity. Gerontologia 49:150-5., 150-155.
Compton, D.M., Dietrich, K.L., Smith, J.S., 1995. Influence of the alpha 2 noradrenergic
antagonist piperoxane on longevity in the Fischer-344 rat: a preliminary report. Psychol Rep
77, 139-142.
Conti, B., Sanchez-Alavez, M., Winsky-Sommerer, R., Morale, M.C., Lucero, J., Brownell, S.,
Fabre, V., Huitron-Resendiz, S., Henriksen, S., Zorrilla, E.P., de Lecea, L., Bartfai, T., 2006.
Transgenic Mice with a Reduced Core Body Temperature Have an Increased Life Span.
Science 314, 825-828.
Cooper, T.M., Mockett, R.J., Sohal, B.H., Sohal, R.S., Orr, W.C., 2004. Effect of caloric
restriction on life span of the housefly, Musca domestica. FASEB J 18, 1591-1593.
Corrada, M.M., Kawas, C.H., Mozaffar, F., Paganini-Hill, A., 2006. Association of body mass
index and weight change with all-cause mortality in the elderly. Am J Epidemiol 163, 938-949.
Corton, J.C., Apte, U., Anderson, S.P., Limaye, P., Yoon, L., Latendresse, J., Dunn, C., Everitt,
J.I., Voss, K.A., Swanson, C., Kimbrough, C., Wong, J.S., Gill, S.S., Chandraratna, R.A.,
Kwak, M.K., Kensler, T.W., Stulnig, T.M., Steffensen, K.R., Gustafsson, J.A., Mehendale,

96

H.M., 2004. Mimetics of caloric restriction include agonists of lipid-activated nuclear
receptors. J Biol Chem 279, 46204-46212.
Coschigano, K.T., Clemmons, D., Bellush, L.L., Kopchick, J.J., 2000. Assessment of growth
parameters and life span of GHR/BP gene-disrupted mice. Endocrinology 141, 2608-2613.
Coschigano, K.T., Holland, A.N., Riders, M.E., List, E.O., Flyvbjerg, A., Kopchick, J.J., 2003.
Deletion, but not antagonism, of the mouse growth hormone receptor results in severely
decreased body weights, insulin, and insulin-like growth factor I levels and increased life span.
Endocrinology 144, 3799-3810.
Cuervo, A.M., 2008. Calorie restriction and aging: the ultimate "cleansing diet". J Gerontol A
Biol Sci Med Sci 63, 547-549.
Cuervo, A.M., Bergamini, E., Brunk, U.T., Droge, W., Ffrench, M., Terman, A., 2005.
Autophagy and aging: the importance of maintaining "clean" cells. Autophagy 1, 131-140.
Cui, L., Jeong, H., Borovecki, F., Parkhurst, C.N., Tanese, N., Krainc, D., 2006. Transcriptional
repression of PGC-1alpha by mutant huntingtin leads to mitochondrial dysfunction and
neurodegeneration. Cell 127, 59-69.
Cui, R., Iso, H., Toyoshima, H., Date, C., Yamamoto, A., Kikuchi, S., Kondo, T., Watanabe, Y.,
Koizumi, A., Wada, Y., Inaba, Y., Tamakoshi, A., 2005. Body mass index and mortality from
cardiovascular disease among Japanese men and women: the JACC study. Stroke 36, 13771382.

97

Cunningham, J.T., Rodgers, J.T., Arlow, D.H., Vazquez, F., Mootha, V.K., Puigserver, P., 2007.
mTOR controls mitochondrial oxidative function through a YY1-PGC-1alpha transcriptional
complex. Nature 450, 736-740.
Curtis, R., O'Connor, G., Distefano, P.S., 2006. Aging networks in Caenorhabditis elegans:
AMP-activated protein kinase (aak-2) links multiple aging and metabolism pathways. Aging
Cell 5, 119-126.
Davies, S., Kattel, R., Bhatia, B., Petherwick, A., Chapman, T., 2005. The effect of diet, sex and
mating status on longevity in Mediterranean fruit flies (Ceratitis capitata), Diptera: Tephritidae.
Exp Gerontol 40, 784-792.
Davis, T.A., Bales, C.W., Beauchene, R.E., 1983. Differential effects of dietary caloric and
protein restriction in the aging rat. Exp Gerontol 18, 427-435.
De Grey, A.D., 2005. The unfortunate influence of the weather on the rate of ageing: why human
caloric restriction or its emulation may only extend life expectancy by 2-3 years. Gerontology
51, 73-82.
de Lange, P., Farina, P., Moreno, M., Ragni, M., Lombardi, A., Silvestri, E., Burrone, L., Lanni,
A., Goglia, F., 2006. Sequential changes in the signal transduction responses of skeletal muscle
following food deprivation. FASEB J 20, 2579-2581.
De Marte, M.L., Enesco, H.E., 1986a. Influence of low tryptophan diet on survival and organ
growth in mice. Mech Ageing Dev 36, 161-171.

98

De Marte, M.L., Enesco, H.E., 1986b. Influence of low tryptophan diet on survival and organ
growth in mice. Mech Ageing Dev 36, 161-171.
De Souza, R.R., 2002. Aging of myocardial collagen. Biogerontology 3, 325-335.
Demetrius, L., 2005. Of mice and men. When it comes to studying ageing and the means to slow
it down, mice are not just small humans. EMBO Rep 6, S39-S44.
Detaille, D., Guigas, B., Leverve, X., Wiernsperger, N., Devos, P., 2002. Obligatory role of
membrane events in the regulatory effect of metformin on the respiratory chain function.
Biochem Pharmacol 63, 1259-1272.
Dhahbi, J.M., Kim, H.J., Mote, P.L., Beaver, R.J., Spindler, S.R., 2004. Temporal linkage
between the phenotypic and genomic responses to caloric restriction. Proc Natl Acad Sci U S A
101, 5524-5529.
Dhahbi, J.M., Mote, P.L., Fahy, G.M., Spindler, S.R., 2005. Identification of potential caloric
restriction mimetics by microarray profiling. Physiol Genomics 23, 343-350.
Dhahbi, J.M., Mote, P.L., Wingo, J., Rowley, B.C., Cao, S.X., Walford, R., Spindler, S.R., 2001.
Caloric restriction alters the feeding response of key metabolic enzyme genes. Mech Ageing
Dev 122, 35-50.
Dhahbi, J.M., Mote, P.L., Wingo, J., Tillman, J.B., Walford, R.L., Spindler, S.R., 1999. Calories
and aging alter gene expression for gluconeogenic, glycolytic, and nitrogen-metabolizing
enzymes. Am J Physiol 277, E352-E360.

99

Dhahbi, J.M., Spindler, S.R., 2003. Aging of the liver. In: Aspinall, R. (Ed.). Aging of the
Organs and Systems, Kluwer Academic Publisher, Dordrecht, The Netherlands, pp. 271-291.
Dhahbi, J.M., Tsuchiya, T., Kim, H.J., Mote, P.L., Spindler, S.R., 2006. Gene expression and
physiologic responses of the heart to the initiation and withdrawal of caloric restriction. J
Gerontol A Biol Sci Med Sci 61, 218-231.
Di Monaco, M., Vallero, F., Di Monaco, R., Tappero, R., Cavanna, A., 2009. Serum levels of
insulin-like growth factor-I are positively associated with functional outcome after hip fracture
in elderly women. Am J Phys Med Rehabil 88, 119-125.
Dilling, M.B., Dias, P., Shapiro, D.N., Germain, G.S., Johnson, R.K., Houghton, P.J., 1994.
Rapamycin selectively inhibits the growth of childhood rhabdomyosarcoma cells through
inhibition of signaling via the type I insulin-like growth factor receptor. Cancer Res 54, 903907.
Dilman, V.M., Anisimov, V.N., 1980. Effect of treatment with phenformin, diphenylhydantoin
or L-dopa on life span and tumour incidence in C3H/Sn mice. Gerontology 26, 241-246.
Doi, S.Q., Rasaiah, S., Tack, I., Mysore, J., Kopchick, J.J., Moore, J., Hirszel, P., Striker, L.J.,
Striker, G.E., 2001. Low-protein diet suppresses serum insulin-like growth factor-1 and
decelerates the progression of growth hormone-induced glomerulosclerosis. Am J Nephrol 21,
331-339.
Dominici, F.P., Hauck, S., Argentino, D.P., Bartke, A., Turyn, D., 2002. Increased insulin
sensitivity and upregulation of insulin receptor, insulin receptor substrate (IRS)-1 and IRS-2 in
liver of Ames dwarf mice. J Endocrinol 173, 81-94.

100

Donati, A., 2006. The involvement of macroautophagy in aging and anti-aging interventions.
Mol Aspects Med 27, 455-470.
Donati, A., Cavallini, G., Paradiso, C., Vittorini, S., Pollera, M., Gori, Z., Bergamini, E., 2001.
Age-related changes in the autophagic proteolysis of rat isolated liver cells: effects of antiaging
dietary restrictions. J Gerontol A Biol Sci Med Sci 56, B375-B383.
Dorshkind, K., Montecino-Rodriguez, E., Signer, R.A., 2009. The ageing immune system: is it
ever too old to become young again? Nat Rev Immunol 9, 57-62.
Dunn, S.E., Kari, F.W., French, J., Leininger, J.R., Travlos, G., Wilson, R., Barrett, J.C., 1997.
Dietary restriction reduces insulin-like growth factor I levels, which modulates apoptosis, cell
proliferation, and tumor progression in p53-deficient mice. Cancer Res 57, 4667-4672.
Eckel, R.H., Grundy, S.M., Zimmet, P.Z., 2005. The metabolic syndrome. Lancet 365, 14151428.
Eckles, K.E., Dudek, E.M., Bickford, P.C., Browning, M.D., 1997. Amelioration of age-related
deficits in the stimulation of synapsin phosphorylation. Neurobiol Aging 18, 213-217.
Eckles-Smith, K., Clayton, D., Bickford, P., Browning, M.D., 2000. Caloric restriction prevents
age-related deficits in LTP and in NMDA receptor expression. Brain Res Mol Brain Res 78,
154-162.
Edinger, A.L., Thompson, C.B., 2002. Akt maintains cell size and survival by increasing mTORdependent nutrient uptake. Mol Biol Cell 13, 2276-2288.

101

Edwards, I.J., Rudel, L.L., Terry, J.G., Kemnitz, J.W., Weindruch, R., Cefalu, W.T., 1998.
Caloric restriction in rhesus monkeys reduces low density lipoprotein interaction with arterial
proteoglycans. J Gerontol A Biol Sci Med Sci 53, B443-B448.
Edwards, M.G., Sarkar, D., Klopp, R., Morrow, J.D., Weindruch, R., Prolla, T.A., 2003. Agerelated impairment of the transcriptional responses to oxidative stress in the mouse heart.
Physiol Genomics 13, 119-127.
Effros, R.B., 2007. Role of T lymphocyte replicative senescence in vaccine efficacy. Vaccine 25,
599-604.
Effros, R.B., Walford, R.L., Weindruch, R., Mitcheltree, C., 1991. Influences of dietary
restriction on immunity to influenza in aged mice. J Gerontol 46, B142-B147.
Eghbali, M., Eghbali, M., Robinson, T.F., Seifter, S., Blumenfeld, O.O., 1989. Collagen
accumulation in heart ventricles as a function of growth and aging. Cardiovasc Res 23, 723729.
el Haj, A.J., Lewis, S.E., Goldspink, D.F., Merry, B.J., Holehan, A.M., 1986. The effect of
chronic and acute dietary restriction on the growth and protein turnover of fast and slow types
of rat skeletal muscle. Comp Biochem Physiol A 85, 281-287.
El Mir, M.Y., Nogueira, V., Fontaine, E., Averet, N., Rigoulet, M., Leverve, X., 2000.
Dimethylbiguanide inhibits cell respiration via an indirect effect targeted on the respiratory
chain complex I. J Biol Chem 275, 223-228.

102

Emanuel, N.M., Obukhova, L.K., 1978. Types of experimental delay in aging patterns. Exp
Gerontol 13, 25-29.
Evans, J.M.M., Donnelly, L.A., Emslie-Smith, A.M., Alessi, D.R., Morris, A.D., 2005.
Metformin and reduced risk of cancer in diabetic patients. BMJ 330, 1304-1305.
Fabris, N., Pierpaoli, W., Sorkin, E., 1971. Hormones and the immunological capacity. 3. The
immunodeficiency disease of the hypopituitary Snell-Bagg dwarf mouse. Clin Exp Immunol 9,
209-225.
Fabrizio, P., Longo, V.D., 2007. The chronological life span of Saccharomyces cerevisiae.
Methods Mol Biol 371, 89-95.
Fair, A.M., Montgomery, K., 2009. Energy balance, physical activity, and cancer risk. Methods
Mol Biol 472:57-88., 57-88.
Fanestil, D.D., Barrows, C.H., Jr., 1965. Aging in the rotifer. J Gerontol 20, 462-469.
Ferder, L., Inserra, F., Romano, L., Ercole, L., Pszenny, V., 1993. Effects of angiotensinconverting enzyme inhibition on mitochondrial number in the aging mouse. Am J Physiol 265,
C15-C18.
Feuers, R.J., Duffy, P.H., Leakey, J.A., Turturro, A., Mittelstaedt, R.A., Hart, R.W., 1989. Effect
of chronic caloric restriction on hepatic enzymes of intermediary metabolism in the male
Fischer 344 rat. Mech Ageing Dev 48, 179-189.
Finn, P.F., Dice, J.F., 2006. Proteolytic and lipolytic responses to starvation. Nutrition 22, 830844.

103

Flegal, K.M., Graubard, B.I., Williamson, D.F., Gail, M.H., 2005. Excess deaths associated with
underweight, overweight, and obesity. JAMA 293, 1861-1867.
Flurkey, K., Papaconstantinou, J., Miller, R.A., Harrison, D.E., 2001. Lifespan extension and
delayed immune and collagen aging in mutant mice with defects in growth hormone
production. Proc Natl Acad Sci U S A 98, 6736-6741.
Fontan-Lozano, A., Lopez-Lluch, G., Delgado-Garcia, J.M., Navas, P., Carrion, A.M., 2008.
Molecular bases of caloric restriction regulation of neuronal synaptic plasticity. Mol Neurobiol
38, 167-177.
Fontana, L., Klein, S., Holloszy, J.O., 2006a. Long-term low-protein, low-calorie diet and
endurance exercise modulate metabolic factors associated with cancer risk. Am J Clin Nutr 84,
1456-1462.
Fontana, L., Klein, S., Holloszy, J.O., Premachandra, B.N., 2006b. Effect of long-term calorie
restriction with adequate protein and micronutrients on thyroid hormones. J Clin Endocrinol
Metab 91, 3232-3235.
Fontana, L., Meyer, T.E., Klein, S., Holloszy, J.O., 2004. Long-term calorie restriction is highly
effective in reducing the risk for atherosclerosis in humans. Proc Natl Acad Sci U S A 101,
6659-6663.
Fontana, L., Villareal, D.T., Weiss, E.P., Racette, S.B., Steger-May, K., Klein, S., Holloszy, J.O.,
2007. Calorie restriction or exercise: effects on coronary heart disease risk factors. A
randomized, controlled trial. Am J Physiol Endocrinol Metab 293, E197-E202.

104

Fontana, L., Weiss, E.P., Villareal, D.T., Klein, S., Holloszy, J.O., 2008. Long-term effects of
calorie or protein restriction on serum IGF-1 and IGFBP-3 concentration in humans. Aging
Cell 7, 681-687.
Forster, M.J., Morris, P., Sohal, R.S., 2003. Genotype and age influence the effect of caloric
intake on mortality in mice. FASEB J 17, 690-692.
Fraenkel, M., Ketzinel-Gilad, M., Ariav, Y., Pappo, O., Karaca, M., Castel, J., Berthault, M.F.,
Magnan, C., Cerasi, E., Kaiser, N., Leibowitz, G., 2008. mTOR inhibition by rapamycin
prevents beta-cell adaptation to hyperglycemia and exacerbates the metabolic state in type 2
diabetes. Diabetes 57, 945-957.
Frasca, D., Landin, A.M., Lechner, S.C., Ryan, J.G., Schwartz, R., Riley, R.L., Blomberg, B.B.,
2008. Aging down-regulates the transcription factor E2A, activation-induced cytidine
deaminase, and Ig class switch in human B cells. J Immunol 180, 5283-5290.
Frasca, F., Pandini, G., Scalia, P., Sciacca, L., Mineo, R., Costantino, A., Goldfine, I.D.,
Belfiore, A., Vigneri, R., 1999. Insulin receptor isoform A, a newly recognized, high-affinity
insulin-like growth factor II receptor in fetal and cancer cells. Mol Cell Biol 19, 3278-3288.
Galuska, D., Zierath, J., Thorne, A., Sonnenfeld, T., Wallberg-Henriksson, H., 1991. Metformin
increases insulin-stimulated glucose transport in insulin-resistant human skeletal muscle.
Diabete Metab 17, 159-163.
Gems, D., Partridge, L., 2008. Stress-response hormesis and aging: "that which does not kill us
makes us stronger". Cell Metab 7, 200-203.

105

Gems, D., Pletcher, S., Partridge, L., 2002. Interpreting interactions between treatments that slow
aging. Aging Cell 1, 1-9.
Gems, D., Sutton, A.J., Sundermeyer, M.L., Albert, P.S., King, K.V., Edgley, M.L., Larsen, P.L.,
Riddle, D.L., 1998. Two pleiotropic classes of daf-2 mutation affect larval arrest, adult
behavior, reproduction and longevity in Caenorhabditis elegans. Genetics 150, 129-155.
Ghanta, V.K., Hiramoto, N.S., Hiramoto, R.N., 1990. Thymic peptides as anti-aging drugs:
effect of thymic hormones on immunity and life span. Int J Neurosci 51, 371-372.
Giannakou, M.E., Goss, M., Junger, M.A., Hafen, E., Leevers, S.J., Partridge, L., 2004. Longlived Drosophila with overexpressed dFOXO in adult fat body. Science 305, 361.
Gillette-Guyonnet, S., Vellas, B., 2008. Caloric restriction and brain function. Curr Opin Clin
Nutr Metab Care 11, 686-692.
Gleyzer, N., Vercauteren, K., Scarpulla, R.C., 2005. Control of mitochondrial transcription
specificity factors (TFB1M and TFB2M) by nuclear respiratory factors (NRF-1 and NRF-2)
and PGC-1 family coactivators. Mol Cell Biol 25, 1354-1366.
Goldspink, D.F., el Haj, A.J., Lewis, S.E., Merry, B.J., Holehan, A.M., 1987. The influence of
chronic dietary intervention on protein turnover and growth of the diaphragm and extensor
digitorum longus muscles of the rat. Exp Gerontol 22, 67-78.
Gomez, C.R., Nomellini, V., Faunce, D.E., Kovacs, E.J., 2008. Innate immunity and aging. Exp
Gerontol 43, 718-728.

106

Gonzales, C., Voirol, M.J., Giacomini, M., Gaillard, R.C., Pedrazzini, T., Pralong, F.P., 2004.
The neuropeptide Y Y1 receptor mediates NPY-induced inhibition of the gonadotrope axis
under poor metabolic conditions. FASEB J 18, 137-139.
Gonzalez, A.A., Kumar, R., Mulligan, J.D., Davis, A.J., Weindruch, R., Saupe, K.W., 2004a.
Metabolic adaptations to fasting and chronic caloric restriction in heart, muscle and liver do not
include changes in AMPK activity. Am J Physiol Endocrinol Metab 287, E1032-E1037.
Gonzalez, A.A., Kumar, R., Mulligan, J.D., Davis, A.J., Weindruch, R., Saupe, K.W., 2004b.
Metabolic adaptations to fasting and chronic caloric restriction in heart, muscle, and liver do
not include changes in AMPK activity. Am J Physiol Endocrinol Metab 287, E1032-E1037.
Goodman, M.N., Larsen, P.R., Kaplan, M.M., Aoki, T.T., Young, V.R., Ruderman, N.B., 1980.
Starvation in the rat. II. Effect of age and obesity on protein sparing and fuel metabolism. Am J
Physiol 239, E277-E286.
Goodrick, C.L., Ingram, D.K., Reynolds, M.A., Freeman, J.R., Cider, N.L., 1983. Effects of
intermittent feeding upon growth, activity, and lifespan in rats allowed voluntary exercise. Exp
Aging Res 9, 203-209.
Goto, S., Takahashi, R., Radak, Z., Sharma, R., 2007. Beneficial biochemical outcomes of lateonset dietary restriction in rodents. Ann N Y Acad Sci 1100, 431-441.
Govic, A., Levay, E.A., Hazi, A., Penman, J., Kent, S., Paolini, A.G., 2008. Alterations in male
sexual behaviour, attractiveness and testosterone levels induced by an adult-onset calorie
restriction regimen. Behav Brain Res 190, 140-146.

107

Grasl-Kraupp, B., Bursch, W., Ruttkay-Nedecky, B., Wagner, A., Lauer, B., Schulte-Hermann,
R., 1994. Food restriction eliminates preneoplastic cells through apoptosis and antagonizes
carcinogenesis in rat liver. Proc Natl Acad Sci U S A 91, 9995-9999.
Grasl-Kraupp, B., Ruttkay-Nedecky, B., Mullauer, L., Taper, H., Huber, W., Bursch, W.,
Schulte-Hermann, R., 1997. Inherent increase of apoptosis in liver tumors: implications for
carcinogenesis and tumor regression. Hepatology 25, 906-912.
Gray, D.A., Tsirigotis, M., Woulfe, J., 2003. Ubiquitin, proteasomes, and the aging brain. Sci
Aging Knowledge Environ 44, Pe30.
Gresl, T.A., Colman, R.J., Havighurst, T.C., Byerley, L.O., Allison, D.B., Schoeller, D.A.,
Kemnitz, J.W., 2003. Insulin sensitivity and glucose effectiveness from three minimal models:
effects of energy restriction and body fat in adult male rhesus monkeys. Am J Physiol Regul
Integr Comp Physiol 285, R1340-R1354.
Grondin, R., Zhang, Z., Yi, A., Cass, W.A., Maswood, N., Andersen, A.H., Elsberry, D.D.,
Klein, M.C., Gerhardt, G.A., Gash, D.M., 2002. Chronic, controlled GDNF infusion promotes
structural and functional recovery in advanced parkinsonian monkeys. Brain 125, 2191-2201.
Gu, D., He, J., Duan, X., Reynolds, K., Wu, X., Chen, J., Huang, G., Chen, C.S., Whelton, P.K.,
2006. Body weight and mortality among men and women in China. JAMA 295, 776-783.
Hadad, S.M., Fleming, S., Thompson, A.M., 2008. Targeting AMPK: a new therapeutic
opportunity in breast cancer. Crit Rev Oncol Hematol 67, 1-7.

108

Hagopian, K., Ramsey, J.J., Weindruch, R., 2003a. Caloric restriction increases gluconeogenic
and transaminase enzyme activities in mouse liver. Exp Gerontol 38, 267-278.
Hagopian, K., Ramsey, J.J., Weindruch, R., 2003b. Influence of age and caloric restriction on
liver glycolytic enzyme activities and metabolite concentrations in mice. Exp Gerontol 38, 253266.
Haigis, M.C., Guarente, L.P., 2006. Mammalian sirtuins--emerging roles in physiology, aging,
and calorie restriction. Genes Dev 20, 2913-2921.
Hambly, C., Mercer, J.G., Speakman, J.R., 2007. Hunger does not diminish over time in mice
under protracted caloric restriction. Rejuvenation Res 10, 533-542.
Han, E.S., Evans, T.R., Shu, J.H., Lee, S., Nelson, J.F., 2001. Food restriction enhances
endogenous and corticotropin-induced plasma elevations of free but not total corticosterone
throughout life in rats. J Gerontol A Biol Sci Med Sci 56, B391-B397.
Hansen, M., Chandra, A., Mitic, L.L., Onken, B., Driscoll, M., Kenyon, C., 2008. A role for
autophagy in the extension of lifespan by dietary restriction in C. elegans. PLoS Genet 4, e24.
Hansen, M., Taubert, S., Crawford, D., Libina, N., Lee, S.J., Kenyon, C., 2007. Lifespan
extension by conditions that inhibit translation in Caenorhabditis elegans. Aging Cell 6, 95-110.
Hardie, D.G., Scott, J.W., Pan, D.A., Hudson, E.R., 2003. Management of cellular energy by the
AMP-activated protein kinase system. FEBS Lett 546, 113-120.
Hargraves, W.A., Hentall, I.D., 2005. Analgesic effects of dietary caloric restriction in adult
mice. Pain 114, 455-461.

109

Harkness, T.A., Shea, K.A., Legrand, C., Brahmania, M., Davies, G.F., 2004. A functional
analysis reveals dependence on the anaphase-promoting complex for prolonged life span in
yeast. Genetics 168, 759-774.
Harrison, D.E., Archer, J.R., 1987. Genetic differences in effects of food restriction on aging in
mice. J Nutr 117, 376-382.
Harrison, D.E., Archer, J.R., Astle, C.M., 1984. Effects of food restriction on aging: Separation
of food intake and adiposity. Proc Natl Acad Sci U S A 81, 1835-1838.
Harrison, D.E., Strong, R., Sharp, Z.D., Nelson, J.F., Astle, C.M., Flurkey, K., Nadon, N.L.,
Wilkinson, J.E., Frenkel, K., Carter, C.S., Pahor, M., Javors, M.A., Fernandez, E., Miller, R.A.,
2009. Rapamycin fed late in life extends lifespan in genetically heterogeneous mice. Nature.
460, 392-395.
Hars, E.S., Qi, H., Ryazanov, A.G., Jin, S., Cai, L., Hu, C., Liu, L.F., 2007. Autophagy regulates
ageing in C. elegans. Autophagy 3, 93-95.
Hartmann, A.M., Burleson, L.E., Holmes, A.K., Geist, C.R., 2000. Effects of chronic kombucha
ingestion on open-field behaviors, longevity, appetitive behaviors, and organs in C57BL/6
mice: a pilot study. Nutrition 16, 755-761.
Hauck, S.J., Hunter, W.S., Danilovich, N., Kopchick, J.J., Bartke, A., 2001. Reduced levels of
thyroid hormones, insulin, and glucose, and lower body core temperature in the growth
hormone receptor/binding protein knockout mouse. Exp Biol Med (Maywood ) 226, 552-558.
Hay, N., Sonenberg, N., 2004. Upstream and downstream of mTOR. Genes Dev 18, 1926-1945.

110

Hayashi, R., Iwasaki, M., Otani, T., Wang, N., Miyazaki, H., Yoshiaki, S., Aoki, S., Koyama, H.,
Suzuki, S., 2005. Body mass index and mortality in a middle-aged Japanese cohort. J
Epidemiol 15, 70-77.
Hayflick, L., 2004. "Anti-aging" is an oxymoron. J Gerontol A Biol Sci Med Sci 59, B573-B578.
Haynes, L., Swain, S.L., 2006. Why aging T cells fail: implications for vaccination. Immunity
24, 663-666.
Heidrick, M.L., Hendricks, L.C., Cook, D.E., 1984. Effect of dietary 2-mercaptoethanol on the
life span, immune system, tumor incidence and lipid peroxidation damage in spleen
lymphocytes of aging BC3F1 mice. Mech Ageing Dev 27, 341-358.
Heilbronn, L.K., de Jonge, L., Frisard, M.I., DeLany, J.P., Larson-Meyer, D.E., Rood, J.,
Nguyen, T., Martin, C.K., Volaufova, J., Most, M.M., Greenway, F.L., Smith, S.R., Deutsch,
W.A., Williamson, D.A., Ravussin, E., for the Pennington CALERIE Team, 2006. Effect of 6Month Calorie Restriction on Biomarkers of Longevity, Metabolic Adaptation, and Oxidative
Stress in Overweight Individuals: A Randomized Controlled Trial. JAMA 295, 1539-1548.
Heitman, J., Movva, N.R., Hall, M.N., 1991. Targets for cell cycle arrest by the
immunosuppressant rapamycin in yeast. Science 253, 905-909.
Hepple, R.T., Baker, D.J., McConkey, M., Murynka, T., Norris, R., 2006. Caloric restriction
protects mitochondrial function with aging in skeletal and cardiac muscles. Rejuvenation Res 9,
219-222.

111

Herold, M.J., McPherson, K.G., Reichardt, H.M., 2006. Glucocorticoids in T cell apoptosis and
function. Cell Mol Life Sci 63, 60-72.
Higami, Y., Pugh, T.D., Page, G.P., Allison, D.B., Prolla, T.A., Weindruch, R., 2004. Adipose
tissue energy metabolism: altered gene expression profile of mice subjected to long-term
caloric restriction. FASEB J 18, 415-417.
Higami, Y., Shimokawa, I., Ando, K., Tanaka, K., Tsuchiya, T., 2000. Dietary restriction
reduces hepatocyte proliferation and enhances p53 expression but does not increase apoptosis
in normal rats during development. Cell Tissue Res 299, 363-369.
Hikita, H., Vaughan, J., Babcock, K., Pitot, H.C., 1999. Short-term fasting and the reversal of the
stage of promotion in rat hepatocarcinogenesis: role of cell replication, apoptosis, and gene
expression. Toxicol Sci 52, 17-23.
Hokama, T., Argaki, H., Sho, H., et al., 1967. Nutrition survey of school children in Okinawa.
Sci Bull Coll Agr Univ Ryukyus 14, 1-15.
Holehan, A.M., Merry, B.J., 1985a. Lifetime breeding studies in fully fed and dietary restricted
female CFY Sprague-Dawley rats. 1. Effect of age, housing conditions and diet on fecundity.
Mech Ageing Dev 33, 19-28.
Holehan, A.M., Merry, B.J., 1985b. The control of puberty in the dietary restricted female rat.
Mech Ageing Dev 32, 179-191.
Holliday, R., 1989. Food, reproduction and longevity: Is the extended lifespan of calorierestricted animals an evolutionary adaptation? Bioessays 10, 125-127.

112

Holloszy, J.O., 1992. Exercise and food restriction in rats. J Nutr 122, 774-777.
Holloszy, J.O., 1997. Mortality rate and longevity of food-restricted exercising male rats: a
reevaluation. J Appl Physiol 82, 399-403.
Holloszy, J.O., Fontana, L., 2007. Caloric restriction in humans. Exp Gerontol 42, 709-712.
Holloszy, J.O., Schechtman, K.B., 1991. Interaction between exercise and food restriction:
effects on longevity of male rats. J Appl Physiol 70, 1529-1535.
Holloszy, J.O., Smith, E.K., 1987. Effects of exercise on longevity of rats. Fed Proc 46, 18501853.
Holloszy, J.O., Smith, E.K., Vining, M., Adams, S., 1985. Effect of voluntary exercise on
longevity of rats. J Appl Physiol 59, 826-831.
Holt, P.R., Moss, S.F., Heydari, A.R., Richardson, A., 1998. Diet restriction increases apoptosis
in the gut of aging rats. J Gerontol : Biol Sci 53A, B168-B172.
Holz, M.K., Ballif, B.A., Gygi, S.P., Blenis, J., 2005. mTOR and S6K1 mediate assembly of the
translation preinitiation complex through dynamic protein interchange and ordered
phosphorylation events. Cell 123, 569-580.
Holzenberger, M., Dupont, J., Ducos, B., Leneuve, P., Geloen, A., Even, P.C., Cervera, P., Le
Bouc, Y., 2003. IGF-1 receptor regulates lifespan and resistance to oxidative stress in mice.
Nature 421, 182-187.

113

Hopfner, M., Huether, A., Sutter, A.P., Baradari, V., Schuppan, D., Scherubl, H., 2006. Blockade
of IGF-1 receptor tyrosine kinase has antineoplastic effects in hepatocellular carcinoma cells.
Biochem Pharmacol 71, 1435-1448.
Houchens, D.P., Ovejera, A.A., Riblet, S.M., Slagel, D.E., 1983. Human brain tumor xenografts
in nude mice as a chemotherapy model. Eur J Cancer Clin Oncol 19, 799-805.
Houghton, P.J., Morton, C.L., Kolb, E.A., Gorlick, R., Lock, R., Carol, H., Reynolds, C.P.,
Maris, J.M., Keir, S.T., Billups, C.A., Smith, M.A., 2008. Initial testing (stage 1) of the mTOR
inhibitor rapamycin by the pediatric preclinical testing program. Pediatr Blood Cancer 50, 799805.
Hu, G., Tuomilehto, J., Silventoinen, K., Barengo, N.C., Peltonen, M., Jousilahti, P., 2005. The
effects of physical activity and body mass index on cardiovascular, cancer and all-cause
mortality among 47 212 middle-aged Finnish men and women. Int J Obes (Lond) 29, 894-902.
Huang, J., Manning, B.D., 2008. The TSC1-TSC2 complex: a molecular switchboard controlling
cell growth. Biochem J 412, 179-190.
Huether, A., Hopfner, M., Baradari, V., Schuppan, D., Scherubl, H., 2005a. EGFR blockade by
cetuximab alone or as combination therapy for growth control of hepatocellular cancer.
Biochem Pharmacol 70, 1568-1578.
Huether, A., Hopfner, M., Sutter, A.P., Schuppan, D., Scherubl, H., 2005b. Erlotinib induces cell
cycle arrest and apoptosis in hepatocellular cancer cells and enhances chemosensitivity towards
cytostatics. J Hepatol 43, 661-669.

114

Hundal, H.S., Ramlal, T., Reyes, R., Leiter, L.A., Klip, A., 1992. Cellular mechanism of
metformin action involves glucose transporter translocation from an intracellular pool to the
plasma membrane in L6 muscle cells. Endocrinology 131, 1165-1173.
Hundal, R.S., Krssak, M., Dufour, S., Laurent, D., Lebon, V., Chandramouli, V., Inzucchi, S.E.,
Schumann, W.C., Petersen, K.F., Landau, B.R., Shulman, G.I., 2000. Mechanism by which
metformin reduces glucose production in type 2 diabetes. Diabetes 49, 2063-2069.
Hursting, S.D., Lavigne, J.A., Berrigan, D., Perkins, S.N., Barrett, J.C., 2003. Calorie restriction,
aging, and cancer prevention: mechanisms of action and applicability to humans. Annu Rev
Med 54, 131-152.
Idrobo, F., Nandy, K., Mostofsky, D.I., Blatt, L., Nandy, L., 1987. Dietary restriction: effects on
radial maze learning and lipofuscin pigment deposition in the hippocampus and frontal cortex.
Arch Gerontol Geriatr 6, 355-362.
Ikeno, Y., Bronson, R.T., Hubbard, G.B., Lee, S., Bartke, A., 2003. Delayed occurrence of fatal
neoplastic diseases in Ames dwarf mice: correlation to extended longevity. J Gerontol A Biol
Sci Med Sci 58, 291-296.
Imai, S., Armstrong, C.M., Kaeberlein, M., Guarente, L., 2000. Transcriptional silencing and
longevity protein Sir2 is an NAD-dependent histone deacetylase. Nature 403, 795-800.
Ingram, D.K., Weindruch, R., Spangler, E.L., Freeman, J.R., Walford, R.L., 1987. Dietary
restriction benefits learning and motor performance of aged mice. J Gerontol 42, 78-81.

115

Ingram, D.K., Zhu, M., Mamczarz, J., Zou, S., Lane, M.A., Roth, G.S., deCabo, R., 2006.
Calorie restriction mimetics: an emerging research field. Aging Cell 5, 97-108.
Inoki, K., Zhu, T., Guan, K.L., 2003. TSC2 mediates cellular energy response to control cell
growth and survival. Cell 115, 577-590.
Iwasaki, K., Gleiser, C.A., Masoro, E.J., McMahan, C.A., Seo, E.J., Yu, B.P., 1988. Influence of
the restriction of individual dietary components on longevity and age-related disease of Fischer
rats: the fat component and the mineral component. J Gerontol 43, B13-B21.
Jager, S., Handschin, C., St Pierre, J., Spiegelman, B.M., 2007. AMP-activated protein kinase
(AMPK) action in skeletal muscle via direct phosphorylation of PGC-1alpha. Proc Natl Acad
Sci U S A 104, 12017-12022.
James, S.J., Muskhelishvili, L., 1994. Rates of apoptosis and proliferation vary with caloric
intake and may influence incidence of spontaneous hepatoma in C57BL/6 x C3H F1 mice.
Cancer Res 54, 5508-5510.
James, S.J., Muskhelishvili, L., Gaylor, D.W., Turturro, A., Hart, R., 1998. Upregulation of
apoptosis with dietary restriction: Implications for carcinogenesis and aging. Environmental
Health Perspectives 106, 307-312.
Jamieson, B.D., Douek, D.C., Killian, S., Hultin, L.E., Scripture-Adams, D.D., Giorgi, J.V.,
Marelli, D., Koup, R.A., Zack, J.A., 1999. Generation of functional thymocytes in the human
adult. Immunity 10, 569-575.

116

Janicki, J.S., 1992. Myocardial collagen remodeling and left ventricular diastolic function. Braz J
Med Biol Res 25, 975-982.
Janssen, I., Katzmarzyk, P.T., Ross, R., 2005. Body mass index is inversely related to mortality
in older people after adjustment for waist circumference. J Am Geriatr Soc 53, 2112-2118.
Janzen, V., Forkert, R., Fleming, H.E., Saito, Y., Waring, M.T., Dombkowski, D.M., Cheng, T.,
DePinho, R.A., Sharpless, N.E., Scadden, D.T., 2006. Stem-cell ageing modified by the cyclindependent kinase inhibitor p16INK4a. Nature 443, 421-426.
Jia, K., Chen, D., Riddle, D.L., 2004. The TOR pathway interacts with the insulin signaling
pathway to regulate C. elegans larval development, metabolism and life span. Development
131, 3897-3906.
Jia, K., Levine, B., 2007. Autophagy is required for dietary restriction-mediated life span
extension in C. elegans. Autophagy 3, 597-599.
Jin, Y., Koizumi, A., 1994. Decreased cellular proliferation by energy restriction is recovered by
increaseing housing temperature in rats. Mech Ageing Dev 75, 59-67.
Jin, Z., El Deiry, W.S., 2005. Overview of cell death signaling pathways. Cancer Biol Ther 4,
139-163.
Johnson, A.B., Webster, J.M., Sum, C.F., Heseltine, L., Argyraki, M., Cooper, B.G., Taylor, R.,
1993. The impact of metformin therapy on hepatic glucose production and skeletal muscle
glycogen synthase activity in overweight type II diabetic patients. Metabolism 42, 1217-1222.

117

Johnson, K.M., Owen, K., Witte, P.L., 2002. Aging and developmental transitions in the B cell
lineage. Int Immunol 14, 1313-1323.
Kadowaki, M., Karim, M.R., Carpi, A., Miotto, G., 2006. Nutrient control of macroautophagy in
mammalian cells. Molecular Aspects of Medicine 27, 426-443.
Kaeberlein, M., Hu, D., Kerr, E.O., Tsuchiya, M., Westman, E.A., Dang, N., Fields, S.,
Kennedy, B.K., 2005a. Increased life span due to calorie restriction in respiratory-deficient
yeast. PLoS Genet 1, e69.
Kaeberlein, M., Kennedy, B.K., 2008. Protein translation, 2008. Aging Cell 7, 777-782.
Kaeberlein, M., Kirkland, K.T., Fields, S., Kennedy, B.K., 2004. Sir2-independent life span
extension by calorie restriction in yeast. PLoS Biol 2, E296.
Kaeberlein, M., McVey, M., Guarente, L., 1999. The SIR2/3/4 complex and SIR2 alone promote
longevity in Saccharomyces cerevisiae by two different mechanisms. Genes Dev 13, 25702580.
Kaeberlein, M., Powers, R.W., III, 2007. Sir2 and calorie restriction in yeast: a skeptical
perspective. Ageing Res Rev 6, 128-140.
Kaeberlein, M., Powers, R.W., III, Steffen, K.K., Westman, E.A., Hu, D., Dang, N., Kerr, E.O.,
Kirkland, K.T., Fields, S., Kennedy, B.K., 2005b. Regulation of yeast replicative life span by
TOR and Sch9 in response to nutrients. Science 310, 1193-1196.
Kagawa, Y., 1978. Impact of Westernization on the nutrition of Japanese: changes in physique,
cancer, longevity and centenarians. Prev Med 7, 205-217.

118

Kahan, B.D., 2008. Fifteen years of clinical studies and clinical practice in renal transplantation:
reviewing outcomes with de novo use of sirolimus in combination with cyclosporine.
Transplant Proc 40, S17-S20.
Kahn, B.B., Alquier, T., Carling, D., Hardie, D.G., 2005. AMP-activated protein kinase: ancient
energy gauge provides clues to modern understanding of metabolism. Cell Metab 1, 15-25.
Kalli, K.R., Falowo, O.I., Bale, L.K., Zschunke, M.A., Roche, P.C., Conover, C.A., 2002.
Functional insulin receptors on human epithelial ovarian carcinoma cells: implications for IGFII mitogenic signaling. Endocrinology 143, 3259-3267.
Kamada, Y., Sekito, T., Ohsumi, Y., 2004. Autophagy in yeast: a TOR-mediated response to
nutrient starvation. Curr Top Microbiol Immunol 279:73-84., 73-84.
Kapahi, P., Zid, B.M., Harper, T., Koslover, D., Sapin, V., Benzer, S., 2004. Regulation of
lifespan in Drosophila by modulation of genes in the TOR signaling pathway. Curr Biol 14,
885-890.
Kaur, M., Sharma, S., Kaur, G., 2008. Age-related impairments in neuronal plasticity markers
and astrocytic GFAP and their reversal by late-onset short term dietary restriction.
Biogerontology 9, 441-454.
Kayo, T., Allison, D.B., Weindruch, R., Prolla, T.A., 2001. Influences of aging and caloric
restriction on the transcriptional profile of skeletal muscle from rhesus monkeys. Proc Natl
Acad Sci U S A 98, 5093-5098.

119

Keller, E.T., Keller, J.M., Fillespie, G., 2006. The use of mature zebrafish (Danio rerio) as a
model for human aging. In: Conn, P.M. (Ed.). Handbook of Models for Human Aging, Elsevier,
Amsterdam, The Netherlands, pp. 299-314.
Kemnitz, J.W., Weindruch, R., Roecker, E.B., Crawford, K., Kaufman, P.L., Ershler, W.B.,
1993. Dietary restriction of adult male rhesus monkeys: design, methodology, and preliminary
findings from the first year of study. J Gerontol 48, B17-B26.
Kennedy, M.A., Rakoczy, S.G., Brown-Borg, H.M., 2003. Long-living Ames dwarf mouse
hepatocytes readily undergo apoptosis. Exp Gerontol 38, 997-1008.
Kenyon, C., 2005. The plasticity of aging: insights from long-lived mutants. Cell 120, 449-460.
Kenyon, C., Chang, J., Gensch, E., Rudner, A., Tabtiang, R., 1993. A C. elegans mutant that
lives twice as long as wild type. Nature 366, 461-464.
Kim, J.A., Wei, Y., Sowers, J.R., 2008. Role of mitochondrial dysfunction in insulin resistance.
Circ Res 102, 401-414.
Kirkwood, T.B., Austad, S.N., 2000. Why do we age? Nature 408, 233-238.
Kitani, K., Osawa, T., Yokozawa, T., 2007. The effects of tetrahydrocurcumin and green tea
polyphenol on the survival of male C57BL/6 mice. Biogerontology 8, 567-573.
Klass, M.R., 1977. Aging in the nematode Caenorhabditis elegans: major biological and
environmental factors influencing life span. Mech Ageing Dev 6, 413-429.
Klebanov, S., 2007. Can short-term dietary restriction and fasting have a long-term
anticarcinogenic effect? Interdiscip Top Gerontol 35:176-92., 176-192.
120

Klebanov, S., Diais, S., Stavinoha, W.B., Suh, Y., Nelson, J.F., 1995. Hyperadrenocorticism,
attenuated inflammation, and the life- prolonging action of food restriction in mice. J Gerontol
A Biol Sci Med Sci 50, B79-B82.
Kleinberg, D.L., Wood, T.L., Furth, P.A., Lee, A.V., 2009. Growth hormone and insulin-like
growth factor-I in the transition from normal mammary development to preneoplastic
mammary lesions. Endocr Rev 30, 51-74.
Knebel, A., Morrice, N., Cohen, P., 2001. A novel method to identify protein kinase substrates:
eEF2 kinase is phosphorylated and inhibited by SAPK4/p38delta. EMBO J 20, 4360-4369.
Knecht, S., Ellger, T., Levine, J.A., 2008. Obesity in neurobiology. Prog Neurobiol 84, 85-103.
Kohn, R.R., 1971. Effect of antioxidants on life-span of C57BL mice. J Gerontol 26, 378-380.
Kohn, R.R., Leash, A.M., 1967. Long-term lathyrogen administration to rats, with special
reference to aging. Exp Mol Pathol 7, 354-361.
Koizumi, A., Roy, N.S., Tsukada, M., Wada, Y., 1993. Increase in housing temperature can
alleviate decrease in white blood cell counts after energy restriction in C57BL/6 female mice.
Mech Ageing Dev 71, 97-102.
Koizumi, A., Wada, Y., Tuskada, M., Kayo, T., Naruse, M., Horiuchi, K., Mogi, T., Yoshioka,
M., Sasaki, M., Miyamaura, Y., Abe, T., Ohtomo, K., Walford, R.L., 1996. A tumor preventive
effect of dietary restriction is antagonized by a high housing temperature through deprivation of
torpor. Mech Ageing Dev 92, 67-82.

121

Komninou, D., Leutzinger, Y., Reddy, B.S., Richie, J.P., Jr., 2006. Methionine restriction
inhibits colon carcinogenesis. Nutr Cancer 54, 202-208.
Kosaki, A., Webster, N.J., 1993. Effect of dexamethasone on the alternative splicing of the
insulin receptor mRNA and insulin action in HepG2 hepatoma cells. J Biol Chem 268, 2199021996.
Koubova, J., Guarente, L., 2003. How does calorie restriction work? Genes Dev 17, 313-321.
Kouda, K., Nakamura, H., Kohno, H., Ha-Kawa, S.K., Tokunaga, R., Sawada, S., 2004. Dietary
restriction: effects of short-term fasting on protein uptake and cell death/proliferation in the rat
liver. Mech Ageing Dev 125, 375-380.
Krishnamurthy, J., Ramsey, M.R., Ligon, K.L., Torrice, C., Koh, A., Bonner-Weir, S., Sharpless,
N.E., 2006. p16INK4a induces an age-dependent decline in islet regenerative potential. Nature
443, 453-457.
Kuhn, H.G., Dickinson-Anson, H., Gage, F.H., 1996. Neurogenesis in the dentate gyrus of the
adult rat: age-related decrease of neuronal progenitor proliferation. J Neurosci 16, 2027-2033.
Kurosu, H., Yamamoto, M., Clark, J.D., Pastor, J.V., Nandi, A., Gurnani, P., McGuinness, O.P.,
Chikuda, H., Yamaguchi, M., Kawaguchi, H., Shimomura, I., Takayama, Y., Herz, J., Kahn,
C.R., Rosenblatt, K.P., Kuro-o M, 2005. Suppression of aging in mice by the hormone Klotho.
Science 309, 1829-1833.
Kyng, K.J., Bohr, V.A., 2005. Gene expression and DNA repair in progeroid syndromes and
human aging. Ageing Res Rev 4, 579-602.

122

Lakatta, E.G., 2000. Cardiovascular aging in health. Clin Geriatr Med 16, 419-444.
Lamb, M.J., 1968. Temperature and lifespan in Drosophila. Nature 220, 808-809.
Landry, J., Sutton, A., Tafrov, S.T., Heller, R.C., Stebbins, J., Pillus, L., Sternglanz, R., 2000.
The silencing protein SIR2 and its homologs are NAD-dependent protein deacetylases. Proc
Natl Acad Sci U S A 97, 5807-5811.
Lane, M.A., Ball, S.S., Ingram, D.K., Cutler, R.G., Engel, J., Read, V., Roth, G.S., 1995. Diet
restriction in rhesus monkeys lowers fasting and glucose- stimulated glucoregulatory end
points. Am J Physiol 268, E941-E948.
Lane, M.A., Ingram, D.K., Roth, G.S., 1999. Calorie restriction in nonhuman primates: effects
on diabetes and cardiovascular disease risk. Toxicol Sci 52, 41-48.
Lane, M.A., Mattison, J.A., Roth, G.S., Brant, L.J., Ingram, D.K., 2004. Effects of long-term diet
restriction on aging and longevity in primates remain uncertain. J Gerontol A Biol Sci Med Sci
59, 405-407.
Lawler, D.F., Larson, B.T., Ballam, J.M., Smith, G.K., Biery, D.N., Evans, R.H., Greeley, E.H.,
Segre, M., Stowe, H.D., Kealy, R.D., 2008. Diet restriction and ageing in the dog: major
observations over two decades. Br J Nutr 99, 793-805.
Lee, C.K., Allison, D.B., Brand, J., Weindruch, R., Prolla, T.A., 2002. Transcriptional profiles
associated with aging and middle age-onset caloric restriction in mouse hearts. Proc Natl Acad
Sci U S A 99, 14988-14993.

123

Lee, C.K., Klopp, R.G., Weindruch, R., Prolla, T.A., 1999. Gene expression profile of aging and
its retardation by caloric restriction. Science 285, 1390-1393.
Lee, C.K., Pugh, T.D., Klopp, R.G., Edwards, J., Allison, D.B., Weindruch, R., Prolla, T.A.,
2004. The impact of alpha-lipoic acid, coenzyme Q10 and caloric restriction on life span and
gene expression patterns in mice. Free Radic Biol Med 36, 1043-1057.
Lee, C.K., Weindruch, R., Prolla, T.A., 2000. Gene-expression profile of the ageing brain in
mice. Nat Genet 25, 294-297.
Lee, K.P., Simpson, S.J., Clissold, F.J., Brooks, R., Ballard, J.W., Taylor, P.W., Soran, N.,
Raubenheimer, D., 2008. Lifespan and reproduction in Drosophila: New insights from
nutritional geometry. Proc Natl Acad Sci U S A 105, 2498-2503.
Lefevre, M., Redman, L.M., Heilbronn, L.K., Smith, J.V., Martin, C.K., Rood, J.C., Greenway,
F.L., Williamson, D.A., Smith, S.R., Ravussin, E., 2009. Caloric restriction alone and with
exercise improves CVD risk in healthy non-obese individuals. Atherosclerosis 203, 206-213.
Lemon, J.A., Boreham, D.R., Rollo, C.D., 2005. A complex dietary supplement extends
longevity of mice. J Gerontol A Biol Sci Med Sci 60, 275-279.
Lewis, S.E., Goldspink, D.F., Phillips, J.G., Merry, B.J., Holehan, A.M., 1985. The effects of
aging and chronic dietary restriction on whole body growth and protein turnover in the rat. Exp
Gerontol 20, 253-263.
Libert, S., Zwiener, J., Chu, X., Vanvoorhies, W., Roman, G., Pletcher, S.D., 2007. Regulation
of Drosophila life span by olfaction and food-derived odors. Science 315, 1133-1137.

124

Lin, S.C., Lin, C.R., Gukovsky, I., Lusis, A.J., Sawchenko, P.E., Rosenfeld, M.G., 1993.
Molecular basis of the little mouse phenotype and implications for cell type-specific growth.
Nature 364, 208-213.
Lin, S.J., Defossez, P.A., Guarente, L., 2000. Requirement of NAD and SIR2 for life-span
extension by calorie restriction in Saccharomyces cerevisiae [see comments]. Science 289,
2126-2128.
Lintern-Moore, S., Everitt, A.V., 1978. The effect of restricted food intake on the size and
composition of the ovarian follicle population in the Wistar rat. Biol Reprod 19, 688-691.
Lipman, R.D., Smith, D.E., Blumberg, J.B., Bronson, R.T., 1998. Effects of caloric restriction or
augmentation in adult rats: longevity and lesion biomarkers of aging. Aging (Milano) 10, 463470.
Lipman, R.D., Smith, D.E., Bronson, R.T., Blumberg, J., 1995. Is late-life caloric restriction
beneficial? Aging (Milano) 7, 136-139.
Liu, P., Cheng, H., Roberts, T.M., Zhao, J.J., 2009. Targeting the phosphoinositide 3-kinase
pathway in cancer. Nat Rev Drug Discov 8, 627-644.
Liu, R.K., Walford, R.L., 1966. Increased Growth and Life-span with Lowered Ambient
Temperature in the Annual Fish, Cynolebias adloffi. Nature 212, 1277-1278.
Liu, R.K., Walford, R.L., 1970. Observations on the lifespans of several species of annual fishes
and of the world's smallest fishes. Exp Gerontol 5, 241-246.

125

Liu, R.K., Walford, R.L., 1972. The effect of lowered body temperature on lifespan and immune
and non-immune processes. Gerontologia 18, 363-388.
Lok, E., Nera, E.A., Iverson, F., Scott, F., So, Y., Clayson, D.B., 1988. Dietary restriction, cell
proliferation and carcinogenesis: a preliminary study. Cancer Lett 38, 249-255.
Long, X., Lin, Y., Ortiz-Vega, S., Yonezawa, K., Avruch, J., 2005a. Rheb binds and regulates
the mTOR kinase. Curr Biol 15, 702-713.
Long, X., Ortiz-Vega, S., Lin, Y., Avruch, J., 2005b. Rheb binding to mammalian target of
rapamycin (mTOR) is regulated by amino acid sufficiency. J Biol Chem 280, 23433-23436.
Lopez-Lluch, G., Irusta, P.M., Navas, P., de Cabo, R., 2008. Mitochondrial biogenesis and
healthy aging. Exp Gerontol 43, 813-819.
los Santos-Arteaga, M., Sierra-Dominguez, S.A., Fontanella, G.H., Delgado-Garcia, J.M.,
Carrion, A.M., 2003. Analgesia induced by dietary restriction is mediated by the kappa-opioid
system. J Neurosci 23, 11120-11126.
Lu, T., Pan, Y., Kao, S.Y., Li, C., Kohane, I., Chan, J., Yankner, B.A., 2004. Gene regulation
and DNA damage in the ageing human brain. Nature 429, 883-891.
Luan, X., Zhao, W., Chandrasekar, B., Fernandes, G., 1995. Calorie restriction modulates
lymphocyte subset phenotype and increases apoptosis in MRL/lpr mice. Immunol Lett 47, 181186.
Lum, J.J., DeBerardinis, R.J., Thompson, C.B., 2005. Autophagy in metazoans: cell survival in
the land of plenty. Nat Rev Mol Cell Biol 6, 439-448.

126

Lushnikova, E.L., Nepomnyashchikh, L.M., Klinnikova, M.G., 2001. Morphological
characteristics of myocardial remodeling during compensatory hypertrophy in aging Wistar
rats. Bull Exp Biol Med 132, 1201-1206.
Lytras, A., Tolis, G., 2007. Assessment of endocrine and nutritional status in age-related
catabolic states of muscle and bone. Curr Opin Clin Nutr Metab Care 10, 604-610.
Ma, T.C., Buescher, J.L., Oatis, B., Funk, J.A., Nash, A.J., Carrier, R.L., Hoyt, K.R., 2007.
Metformin therapy in a transgenic mouse model of Huntington's disease. Neurosci Lett 411,
98-103.
Maeda, H., Gleiser, C.A., Masoro, E.J., Murates, I., McMahan, C.A., Yu, B.P., 1985. Nutritional
influences on aging of Fischer 344 rats: II. Pathology. J Gerontol 40, 671-688.
Maes, H.H., Neale, M.C., Eaves, L.J., 1997. Genetic and environmental factors in relative body
weight and human adiposity. Behav Genet 27, 325-351.
Magwere, T., Chapman, T., Partridge, L., 2004. Sex differences in the effect of dietary restriction
on life span and mortality rates in female and male Drosophila melanogaster. J Gerontol A Biol
Sci Med Sci 59, 3-9.
Mair, W., Dillin, A., 2008. Aging and survival: the genetics of life span extension by dietary
restriction. Annu Rev Biochem 77:727-54., 727-754.
Mair, W., Goymer, P., Pletcher, S.D., Partridge, L., 2003. Demography of dietary restriction and
death in Drosophila. Science 301, 1731-1733.

127

Mair, W., Piper, M.D., Partridge, L., 2005. Calories do not explain extension of life span by
dietary restriction in Drosophila. PLoS Biol 3, e223.
Malin, A., Matthews, C.E., Shu, X.O., Cai, H., Dai, Q., Jin, F., Gao, Y.T., Zheng, W., 2005.
Energy balance and breast cancer risk. Cancer Epidemiol Biomarkers Prev 14, 1496-1501.
Malloy, V.L., Krajcik, R.A., Bailey, S.J., Hristopoulos, G., Plummer, J.D., Orentreich, N., 2006.
Methionine restriction decreases visceral fat mass and preserves insulin action in aging male
Fischer 344 rats independent of energy restriction. Aging Cell 5, 305-314.
Manning, B.D., Cantley, L.C., 2007. AKT/PKB signaling: navigating downstream. Cell 129,
1261-1274.
Mansouri, A., Muller, F.L., Liu, Y., Ng, R., Faulkner, J., Hamilton, M., Richardson, A., Huang,
T.T., Epstein, C.J., Van Remmen, H., 2006. Alterations in mitochondrial function, hydrogen
peroxide release and oxidative damage in mouse hind-limb skeletal muscle during aging. Mech
Ageing Dev 127, 298-306.
Martin, B., Golden, E., Carlson, O.D., Egan, J.M., Mattson, M.P., Maudsley, S., 2008. Caloric
restriction: impact upon pituitary function and reproduction. Ageing Res Rev 7, 209-224.
Martin, B., Mattson, M.P., Maudsley, S., 2006. Caloric restriction and intermittent fasting: two
potential diets for successful brain aging. Ageing Res Rev 5, 332-353.
Masoro, E.J., 1990. Assessment of nutritional components in prolongation of life and health by
diet. Proc Soc Exp Biol Med 193, 31-34.
Masoro, E.J., 1995. Glucocorticoids and aging. Aging (Milano) 7, 407-413.

128

Masoro, E.J., 2005. Overview of caloric restriction and ageing. Mech Ageing Dev 126, 913-922.
Masoro, E.J., 2006. Dietary restriction-induced life extension: a broadly based biological
phenomenon. Biogerontology 7, 153-155.
Masoro, E.J., Austad, S.N., 1996. The evolution of the antiaging action of dietary restriction: A
hypothesis. J Gerontol : Biol Sci 51A, B387-B391.
Masoro, E.J., McCarter, R.J., Katz, M.S., McMahan, C.A., 1992. Dietary restriction alters
characteristics of glucose fuel use. J Gerontol 47, B202-B208.
Masoro, E.J., Shimokawa, I., Higami, Y., McMahan, C.A., Yu, B.P., 1995. Temporal pattern of
food intake not a factor in the retardation of aging processes by dietary restriction. J Gerontol
50A, B48-B53.
Massaro, D., DeCarlo, M.G., Baras, A., Hoffman, E.P., Clerch, L.B., 2004. Calorie-related rapid
onset of alveolar loss, regeneration, and changes in mouse lung gene expression. Am J Physiol
Lung Cell Mol Physiol 286, L896-L906.
Massaro, D.J., Alexander, E., Reiland, K., Hoffman, E.P., Massaro, G.D., Clerch, L.B., 2007.
Rapid onset of gene expression in lung, supportive of formation of alveolar septa, induced by
refeeding mice after calorie restriction. Am J Physiol Lung Cell Mol Physiol 292, L1313L1326.
Maswood, N., Young, J., Tilmont, E., Zhang, Z., Gash, D.M., Gerhardt, G.A., Grondin, R., Roth,
G.S., Mattison, J., Lane, M.A., Carson, R.E., Cohen, R.M., Mouton, P.R., Quigley, C.,
Mattson, M.P., Ingram, D.K., 2004. Caloric restriction increases neurotrophic factor levels and

129

attenuates neurochemical and behavioral deficits in a primate model of Parkinson's disease.
Proc Natl Acad Sci U S A 101, 18171-18176.
Mattison, J.A., Black, A., Huck, J., Moscrip, T., Handy, A., Tilmont, E., Roth, G.S., Lane, M.A.,
Ingram, D.K., 2005. Age-related decline in caloric intake and motivation for food in rhesus
monkeys. Neurobiol Aging 26, 1117-1127.
Mattison, J.A., Lane, M.A., Roth, G.S., Ingram, D.K., 2003. Calorie restriction in rhesus
monkeys. Exp Gerontol 38, 35-46.
Mattson, M.P., Duan, W., Lee, J., Guo, Z., 2001. Suppression of brain aging and
neurodegenerative disorders by dietary restriction and environmental enrichment: molecular
mechanisms. Mech Ageing Dev 122, 757-778.
Mattson, M.P., Duan, W., Wan, R., Guo, Z., 2004. Prophylactic activation of neuroprotective
stress response pathways by dietary and behavioral manipulations. NeuroRx 1, 111-116.
McBurney, M.W., Yang, X., Jardine, K., Hixon, M., Boekelheide, K., Webb, J.R., Lansdorp,
P.M., Lemieux, M., 2003. The mammalian SIR2alpha protein has a role in embryogenesis and
gametogenesis. Mol Cell Biol 23, 38-54.
McCarter, R., Mejia, W., Ikeno, Y., Monnier, V., Kewitt, K., Gibbs, M., McMahan, A., Strong,
R., 2007. Plasma glucose and the action of calorie restriction on aging. J Gerontol A Biol Sci
Med Sci 62, 1059-1070.
McCay, C.M., Crowell, M.F., Maynard, L.A., 1935. The effect of retarded growth upon the
length of the life span and upon the ultimate body size. J Nutr 10, 63-79.

130

McCormick, D.L., Johnson, W.D., Haryu, T.M., Bosland, M.C., Lubet, R.A., Steele, V.E., 2007.
Null effect of dietary restriction on prostate carcinogenesis in the Wistar-Unilever rat. Nutr
Cancer 57, 194-200.
McElhaney, J.E., 2005. The unmet need in the elderly: designing new influenza vaccines for
older adults. Vaccine 23 Suppl 1:S10-25., S10-S25.
McGuire, D.K., Levine, B.D., Williamson, J.W., Snell, P.G., Blomqvist, C.G., Saltin, B.,
Mitchell, J.H., 2001. A 30-year follow-up of the Dallas Bedrest and Training Study: I. Effect of
age on the cardiovascular response to exercise. Circulation 104, 1350-1357.
McMillan, D.C., Sattar, N., McArdle, C.S., 2006. ABC of obesity. Obesity and cancer. BMJ 333,
1109-1111.
Meijer, A.J., Codogno, P., 2006. Signalling and autophagy regulation in health, aging and
disease. Mol Aspects Med 27, 411-425.
Melendez, A., Talloczy, Z., Seaman, M., Eskelinen, E.L., Hall, D.H., Levine, B., 2003.
Autophagy genes are essential for dauer development and life-span extension in C. elegans.
Science 301, 1387-1391.
Merrick, W.C., Nyborg, J., 2000. The protein biosynthesis elongation cycle. In: Sonenberg, N.,
Hershey, J.W.B., Mathews, M.B. (Eds.). Translational Control of Gene Expression, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., pp. 89-125.

131

Merrill, G.F., Kurth, E.J., Hardie, D.G., Winder, W.W., 1997. AICA riboside increases AMPactivated protein kinase, fatty acid oxidation, and glucose uptake in rat muscle. Am J Physiol
273, E1107-E1112.
Merry, B.J., 2002. Molecular mechanisms linking calorie restriction and longevity. Int J
Biochem Cell Biol 34, 1340-1354.
Merry, B.J., Goldspink, D.F., Lewis, S.E., 1991. The effects of age and chronic restricted feeding
on protein synthesis and growth of the large intestine of the rat. Comp Biochem Physiol A 98,
559-562.
Merry, B.J., Holehan, A.M., 1979. Onset of puberty and duration of fertility in rats fed a
restricted diet. J Reprod Fertil 57, 253-259.
Merry, B.J., Holehan, A.M., 1981. Serum profiles of LH, FSH, testosterone and 5 alpha-DHT
from 21 to 1000 days of age in ad libitum fed and dietary restricted rats. Exp Gerontol 16, 431444.
Merry, B.J., Holehan, A.M., 1985. In vivo DNA synthesis in the dietary restricted long-lived rat.
Exp Gerontol 20, 15-28.
Merry, B.J., Holehan, A.M., 1991. Effect of age and restricted feeding on polypeptide chain
assembly kinetics in liver protein synthesis in vivo. Mech Ageing Dev 58, 139-150.
Merry, B.J., Holehan, A.M., Lewis, S.E., Goldspink, D.F., 1987. The effects of ageing and
chronic dietary restriction on in vivo hepatic protein synthesis in the rat. Mech Ageing Dev 39,
189-199.

132

Merry, B.J., Kirk, A.J., Goyns, M.H., 2008. Dietary lipoic acid supplementation can mimic or
block the effect of dietary restriction on life span. Mech Ageing Dev 129, 341-348.
Merry, B.J., Lewis, S.E., Goldspink, D.F., 1992. The influence of age and chronic restricted
feeding on protein synthesis in the small intestine of the rat. Exp Gerontol 27, 191-200.
Messaoudi, I., Fischer, M., Warner, J., Park, B., Mattison, J., Ingram, D.K., Totonchy, T., Mori,
M., Nikolich-Zugich, J., 2008. Optimal window of caloric restriction onset limits its beneficial
impact on T-cell senescence in primates. Aging Cell 7, 908-919.
Messaoudi, I., Lemaoult, J., Guevara-Patino, J.A., Metzner, B.M., Nikolich-Zugich, J., 2004.
Age-related CD8 T cell clonal expansions constrict CD8 T cell repertoire and have the potential
to impair immune defense. J Exp Med 200, 1347-1358.
Messaoudi, I., Warner, J., Fischer, M., Park, B., Hill, B., Mattison, J., Lane, M.A., Roth, G.S.,
Ingram, D.K., Picker, L.J., Douek, D.C., Mori, M., Nikolich-Zugich, J., 2006. Delay of T cell
senescence by caloric restriction in aged long-lived nonhuman primates. Proc Natl Acad Sci U
S A 103, 19448-19453.
Meyer, T.E., Kovacs, S.J., Ehsani, A.A., Klein, S., Holloszy, J.O., Fontana, L., 2006. Long-term
caloric restriction ameliorates the decline in diastolic function in humans. J Am Coll Cardiol
47, 398-402.
Michan, S., Sinclair, D., 2007. Sirtuins in mammals: insights into their biological function.
Biochem J 404, 1-13.

133

Michels, K.B., Ekbom, A., 2004. Caloric restriction and incidence of breast cancer. JAMA 291,
1226-1230.
Miller, J.P., Allman, D., 2003. The decline in B lymphopoiesis in aged mice reflects loss of very
early B-lineage precursors. J Immunol 171, 2326-2330.
Miller, R.A., 1996. The aging immune system: primer and prospectus. Science 273, 70-74.
Miller, R.A., Buehner, G., Chang, Y., Harper, J.M., Sigler, R., Smith-Wheelock, M., 2005.
Methionine-deficient diet extends mouse lifespan, slows immune and lens aging, alters glucose,
T4, IGF-I and insulin levels, and increases hepatocyte MIF levels and stress resistance. Aging
Cell 4, 119-125.
Miller, R.A., Chrisp, C., 2002. T cell subset patterns that predict resistance to spontaneous
lymphoma, mammary adenocarcinoma, and fibrosarcoma in mice. J Immunol 169, 1619-1625.
Miller, R.A., Harrison, D.E., Astle, C.M., Floyd, R.A., Flurkey, K., Hensley, K.L., Javors, M.A.,
Leeuwenburgh, C., Nelson, J.F., Ongini, E., Nadon, N.L., Warner, H.R., Strong, R., 2007. An
aging Interventions Testing Program: study design and interim report. Aging Cell 6, 565-575.
Min, K.J., Flatt, T., Kulaots, I., Tatar, M., 2007. Counting calories in Drosophila diet restriction.
Exp Gerontol 42, 247-251.
Minokoshi, Y., Kim, Y.B., Peroni, O.D., Fryer, L.G., Muller, C., Carling, D., Kahn, B.B., 2002.
Leptin stimulates fatty-acid oxidation by activating AMP-activated protein kinase. Nature 415,
339-343.

134

Miquel, J., Lundgren, P.R., Bensch, K.G., Atlan, H., 1976. Effects of temperature on the life
span, vitality and fine structure of Drosophila melanogaster. Mech Ageing Dev 5, 347-370.
Mizushima, N., Klionsky, D.J., 2007. Protein turnover via autophagy: implications for
metabolism. Annu Rev Nutr 27, 19-40.
Molofsky, A.V., Slutsky, S.G., Joseph, N.M., He, S., Pardal, R., Krishnamurthy, J., Sharpless,
N.E., Morrison, S.J., 2006. Increasing p16INK4a expression decreases forebrain progenitors
and neurogenesis during ageing. Nature 443, 448-452.
Morck, C., Pilon, M., 2006. C. elegans feeding defective mutants have shorter body lengths and
increased autophagy. BMC Dev Biol 6, 39.
Moreau, R., Heath, S.H., Doneanu, C.E., Harris, R.A., Hagen, T.M., 2004. Age-related
compensatory activation of pyruvate dehydrogenase complex in rat heart. Biochem Biophys
Res Commun 325, 48-58.
Moreschi, C., 1909. Beziehungen zwischen ernahrung und tumorwachstum [Relationship
between nutrition and tumor growth]. Zeitschrift f Immunitätsforschung 2, 651-675.
Motta, M.C., Divecha, N., Lemieux, M., Kamel, C., Chen, D., Gu, W., Bultsma, Y., McBurney,
M., Guarente, L., 2004. Mammalian SIRT1 represses forkhead transcription factors. Cell 116,
551-563.
Murtagh-Mark, C.M., Reiser, K.M., Harris, R., Jr., McDonald, R.B., 1995. Source of dietary
carbohydrate affects life span of Fischer 344 rats independent of caloric restriction. J Gerontol
A Biol Sci Med Sci 50, B148-B154.

135

Muskhelishvili, L., Hart, R.W., Turturro, A., James, S.J., 1995. Age-related changes in the
intrinsic rate of apoptosis in livers of diet-restricted and ad libitum-fed B6C3F1 mice. Am J
Pathol 147, 20-24.
Muskhelishvili, L., Turturro, A., Hart, R.W., James, S.J., 1996. Pi-class glutathione-Stransferase-positive hepatocytes in aging B6C3F1 mice undergo apoptosis induced by dietary
restriction. Am J Pathol 149, 1585-1591.
Myung, J., Kim, K.B., Crews, C.M., 2001. The ubiquitin-proteasome pathway and proteasome
inhibitors. Med Res Rev 21, 245-273.
Nelson, J.F., Gosden, R.G., Felicio, L.S., 1985. Effect of dietary restriction on estrous cyclicity
and follicular reserves in aging C57BL/6J mice. Biol Reprod 32, 515-522.
Nelson, J.F., Karelus, K., Bergman, M.D., Felicio, L.S., 1995. Neuroendocrine involvement in
aging: evidence from studies of reproductive aging and caloric restriction. Neurobiol Aging 16,
837-843.
Nelson, W., Halberg, F., 1986. Meal-timing, circadian rhythms and life span of mice. J Nutr 116,
2244-2253.
Nikolich-Zugich, J., Messaoudi, I., 2005. Mice and flies and monkeys too: Caloric restriction
rejuvenates the aging immune system of non-human primates. Exp Gerontol ..
Nolen, G.A., 1972. Effect of various restricted dietary regimens on the growth, health and
longevity of albino rats. J Nutr 102, 1477-1493.

136

O'Brien, C.A., Jia, D., Plotkin, L.I., Bellido, T., Powers, C.C., Stewart, S.A., Manolagas, S.C.,
Weinstein, R.S., 2004. Glucocorticoids act directly on osteoblasts and osteocytes to induce their
apoptosis and reduce bone formation and strength. Endocrinology 145, 1835-1841.
Oeppen, J., Vaupel, J.W., 2002. Demography. Broken limits to life expectancy. Science 296,
1029-1031.
Olshansky, S.J., Carnes, B.A., Desesquelles, A., 2001. Demography. Prospects for human
longevity. Science 291, 1491-1492.
Orchard, T.J., Temprosa, M., Goldberg, R., Haffner, S., Ratner, R., Marcovina, S., Fowler, S.,
2005. The effect of metformin and intensive lifestyle intervention on the metabolic syndrome:
the Diabetes Prevention Program randomized trial. Ann Intern Med 142, 611-619.
Orentreich, N., Matias, J.R., DeFelice, A., Zimmerman, J.A., 1993. Low methionine ingestion by
rats extends life span. J Nutr 123, 269-274.
Osborne, T.B., Mendel, L.B., Ferry, E.L., 1917. The effect of retardation of growth upon the
breeding period and duration of life of rats. Science 45, 294-295.
Oster, M.H., Fielder, P.J., Levin, N., Cronin, M.J., 1995. Adaptation of the growth hormone and
insulin-like growth factor-I axis to chronic and severe calorie or protein malnutrition. J Clin
Invest 95, 2258-2265.
Owen, M.R., Doran, E., Halestrap, A.P., 2000. Evidence that metformin exerts its anti-diabetic
effects through inhibition of complex 1 of the mitochondrial respiratory chain. Biochem J 348
Pt 3:607-14., 607-614.

137

Pahlavani, M.A., 2000. Caloric restriction and immunosenescence: a current perspective. Front
Biosci 5, D580-D587.
Pamplona, R., Barja, G., 2006. Mitochondrial oxidative stress, aging and caloric restriction: the
protein and methionine connection. Biochim Biophys Acta 1757, 496-508.
Pan, K.Z., Palter, J.E., Rogers, A.N., Olsen, A., Chen, D., Lithgow, G.J., Kapahi, P., 2007.
Inhibition of mRNA translation extends lifespan in Caenorhabditis elegans. Aging Cell 6, 111119.
Pandini, G., Conte, E., Medico, E., Sciacca, L., Vigneri, R., Belfiore, A., 2004. IGF-II binding to
insulin receptor isoform A induces a partially different gene expression profile from insulin
binding. Ann N Y Acad Sci 1028, 450-456.
Pandini, G., Medico, E., Conte, E., Sciacca, L., Vigneri, R., Belfiore, A., 2003. Differential gene
expression induced by insulin and insulin-like growth factor-II through the insulin receptor
isoform A. J Biol Chem 278, 42178-42189.
Paolisso, G., Ammendola, S., Del Buono, A., Gambardella, A., Riondino, M., Tagliamonte,
M.R., Rizzo, M.R., Carella, C., Varricchio, M., 1997. Serum levels of insulin-like growth
factor-I (IGF-I) and IGF-binding protein-3 in healthy centenarians: relationship with plasma
leptin and lipid concentrations, insulin action, and cognitive function. J Clin Endocrinol Metab
82, 2204-2209.
Partridge, L., Gems, D., Withers, D.J., 2005. Sex and death: what is the connection? Cell 120,
461-472.

138

Pashko, L.L., Schwartz, A.G., 1992. Reversal of food restriction-induced inhibition of mouse
skin tumor promotion by adrenalectomy. Carcinogenesis 13, 1925-1928.
Pashko, L.L., Schwartz, A.G., 1996. Inhibition of 7,12-dimethylbenz[a]anthracene-induced lung
tumorigenesis in A/J mice by food restriction is reversed by adrenalectomy. Carcinogenesis 17,
209-212.
Patel, A.C., Nunez, N.P., Perkins, S.N., Barrett, J.C., Hursting, S.D., 2004. Effects of energy
balance on cancer in genetically altered mice. J Nutr 134, 3394S-3398S.
Pawelec, G., Wagner, W., Adibzadeh, M., Engel, A., 1999. T cell immunosenescence in vitro
and in vivo. Exp Gerontol 34, 419-429.
Pearson, K.J., Baur, J.A., Lewis, K.N., Peshkin, L., Price, N.L., Labinskyy, N., Swindell, W.R.,
Kamara, D., Minor, R.K., Perez, E., Jamieson, H.A., Zhang, Y., Dunn, S.R., Sharma, K.,
Pleshko, N., Woollett, L.A., Csiszar, A., Ikeno, Y., Le Couteur, D., Elliott, P.J., Becker, K.G.,
Navas, P., Ingram, D.K., Wolf, N.S., Ungvari, Z., Sinclair, D.A., de Cabo, R., 2008.
Resveratrol Delays Age-Related Deterioration and Mimics Transcriptional Aspects of Dietary
Restriction without Extending Life Span. Cell Metab 8, 157-168.
Petersen, K.F., Befroy, D., Dufour, S., Dziura, J., Ariyan, C., Rothman, D.L., DiPietro, L., Cline,
G.W., Shulman, G.I., 2003. Mitochondrial dysfunction in the elderly: possible role in insulin
resistance. Science 300, 1140-1142.
Petersen, K.F., Dufour, S., Savage, D.B., Bilz, S., Solomon, G., Yonemitsu, S., Cline, G.W.,
Befroy, D., Zemany, L., Kahn, B.B., Papademetris, X., Rothman, D.L., Shulman, G.I., 2007.

139

The role of skeletal muscle insulin resistance in the pathogenesis of the metabolic syndrome.
Proc Natl Acad Sci U S A 104, 12587-12594.
Phelan, J.P., Austad, S.N., 1989. Natural selection, dietary restriction, and extended longevity.
Growth Dev Aging 53, 4-6.
Phelan, J.P., Rose, M.R., 2005. Why dietary restriction substantially increases longevity in
animal models but won't in humans. Ageing Res Rev 4, 339-350.
Pitner, J.K., 2005. Obesity in the elderly. Consult Pharm 20, 498-513.
Pitsikas, N., Algeri, S., 1992. Deterioration of spatial and nonspatial reference and working
memory in aged rats: protective effect of life-long calorie restriction. Neurobiol Aging 13, 369373.
Pitsikas, N., Garofalo, P., Manfridi, A., Zanotti, A., Algeri, S., 1991. Effect of lifelong
hypocaloric diet on discrete memory of the senescent rat. Aging (Milano) 3, 147-152.
Polak, P., Hall, M.N., 2009. mTOR and the control of whole body metabolism. Curr Opin Cell
Biol 21, 209-218.
Popovich, I.G., Voitenkov, B.O., Anisimov, V.N., Ivanov, V.T., Mikhaleva, I.I., Zabezhinski,
M.A., Alimova, I.N., Baturin, D.A., Zavarzina, N.Y., Rosenfeld, S.V., Semenchenko, A.V.,
Yashin, A.I., 2003. Effect of delta-sleep inducing peptide-containing preparation Deltaran on
biomarkers of aging, life span and spontaneous tumor incidence in female SHR mice. Mech
Ageing Dev 124, 721-731.

140

Powers, R.W., III, Kaeberlein, M., Caldwell, S.D., Kennedy, B.K., Fields, S., 2006. Extension of
chronological life span in yeast by decreased TOR pathway signaling. Genes Dev 20, 174-184.
Premoselli, F., Sesca, E., Binasco, V., Franchino, C., Tessitore, L., 1997. Cell death and cell
proliferation contribute to the enhanced growth of foci by fasting in rat medial colon. Boll Soc
Ital Biol Sper 73, 71-76.
Pugh, T.D., Oberley, T.D., Weindruch, R., 1999. Dietary intervention at middle age: caloric
restriction but not dehydroepiandrosterone sulfate increases lifespan and lifetime cancer
incidence in mice. Cancer Res 59, 1642-1648.
Puigserver, P., Adelmant, G., Wu, Z., Fan, M., Xu, J., O'Malley, B., Spiegelman, B.M., 1999.
Activation of PPARgamma coactivator-1 through transcription factor docking. Science 286,
1368-1371.
Puigserver, P., Wu, Z., Park, C.W., Graves, R., Wright, M., Spiegelman, B.M., 1998. A coldinducible coactivator of nuclear receptors linked to adaptive thermogenesis. Cell %20;92, 829839.
Qiang, W., Weiqiang, K., Qing, Z., Pengju, Z., Yi, L., 2007. Aging impairs insulin-stimulated
glucose uptake in rat skeletal muscle via suppressing AMPKalpha. Exp Mol Med 39, 535-543.
Qin, W., Chachich, M., Lane, M., Roth, G., Bryant, M., de Cabo, R., Ottinger, M.A., Mattison,
J., Ingram, D., Gandy, S., Pasinetti, G.M., 2006. Calorie restriction attenuates Alzheimer's
disease type brain amyloidosis in Squirrel monkeys (Saimiri sciureus). J Alzheimers Dis 10,
417-422.

141

Rakhit, R., Crow, J.P., Lepock, J.R., Kondejewski, L.H., Cashman, N.R., Chakrabartty, A., 2004.
Monomeric Cu,Zn-superoxide dismutase is a common misfolding intermediate in the oxidation
models of sporadic and familial amyotrophic lateral sclerosis. J Biol Chem 279, 15499-15504.
Redman, L.M., Ravussin, E., 2009. Endocrine alterations in response to calorie restriction in
humans. Mol Cell Endocrinol 299, 129-136.
Reynolds, M.A., Dawson, D.R., Novak, K.F., Ebersole, J.L., Gunsolley, J.C., Branch-Mays,
G.L., Holt, S.C., Mattison, J.A., Ingram, D.K., Novak, M.J., 2009. Effects of caloric restriction
on inflammatory periodontal disease. Nutrition 25, 88-97.
Reznick, A.Z., Gershon, D., 1979. The effect of age on the protein degradation system in the
nematode Turbatrix aceti. Mech Ageing Dev 11, 403-415.
Reznick, R.M., Zong, H., Li, J., Morino, K., Moore, I.K., Yu, H.J., Liu, Z.X., Dong, J., Mustard,
K.J., Hawley, S.A., Befroy, D., Pypaert, M., Hardie, D.G., Young, L.H., Shulman, G.I., 2007.
Aging-associated reductions in AMP-activated protein kinase activity and mitochondrial
biogenesis. Cell Metab 5, 151-156.
Richie, J.P., Jr., Leutzinger, Y., Parthasarathy, S., Malloy, V., Orentreich, N., Zimmerman, J.A.,
1994. Methionine restriction increases blood glutathione and longevity in F344 rats. FASEB J
8, 1302-1307.
Riesen, M., Morgan, A., 2009. Calorie restriction reduces rDNA recombination independently of
rDNA silencing. Aging Cell, E-published ahead of print.

142

Rikke, B.A., Yerg, J.E., III, Battaglia, M.E., Nagy, T.R., Allison, D.B., Johnson, T.E., 2003.
Strain variation in the response of body temperature to dietary restriction. Mech Ageing Dev
124, 663-678.
Ritz, B.W., Gardner, E.M., 2006. Malnutrition and energy restriction differentially affect viral
immunity. J Nutr 136, 1141-1144.
Rodgers, J.T., Lerin, C., Haas, W., Gygi, S.P., Spiegelman, B.M., Puigserver, P., 2005. Nutrient
control of glucose homeostasis through a complex of PGC-1alpha and SIRT1. Nature 434, 113118.
Rodrigues, M.A., Sanchez-Negrette, M., Mantovani, M.S., Sant'ana, L.S., Angeleli, A.Y.,
Montenegro, M.R., de Camargo, J.L., 1991. Liver response to low-hexachlorobenzene exposure
in protein- or energy-restricted rats. Food Chem Toxicol 29, 757-764.
Rogina, B., Helfand, S.L., 2004. Sir2 mediates longevity in the fly through a pathway related to
calorie restriction. Proc Natl Acad Sci U S A 101, 15998-16003.
Rosenwald, A., Wright, G., Chan, W.C., Connors, J.M., Campo, E., Fisher, R.I., Gascoyne, R.D.,
Muller-Hermelink, H.K., Smeland, E.B., Giltnane, J.M., Hurt, E.M., Zhao, H., Averett, L.,
Yang, L., Wilson, W.H., Jaffe, E.S., Simon, R., Klausner, R.D., Powell, J., Duffey, P.L.,
Longo, D.L., Greiner, T.C., Weisenburger, D.D., Sanger, W.G., Dave, B.J., Lynch, J.C., Vose,
J., Armitage, J.O., Montserrat, E., Lopez-Guillermo, A., Grogan, T.M., Miller, T.P., LeBlanc,
M., Ott, G., Kvaloy, S., Delabie, J., Holte, H., Krajci, P., Stokke, T., Staudt, L.M., 2002. The
use of molecular profiling to predict survival after chemotherapy for diffuse large-B-cell
lymphoma. N Engl J Med 346, 1937-1947.

143

Ross, M.H., 1972. Length of life and caloric intake. Am J Clin Nutr 25, 834-838.
Ross, M.H., Bras, G., 1973. Influence of protein under- and overnutrition on spontaneous tumor
prevalence in the rat. J Nutr 103, 944-963.
Ross, T.K., Darwish, H.M., Moss, V.E., DeLuca, H.F., 1993. Vitamin D-influenced gene
expression via a ligand-independent, receptor-DNA complex intermediate. Proc Natl Acad Sci
U S A 90, 9257-9260.
Roth, G.S., Ingram, D.K., Lane, M.A., 1999. Calorie restriction in primates: will it work and how
will we know? J Am Geriatr Soc 47, 896-903.
Roth, G.S., Mattison, J.A., Ottinger, M.A., Chachich, M.E., Lane, M.A., Ingram, D.K., 2004.
Aging in rhesus monkeys: relevance to human health interventions. Science 305, 1423-1426.
Rowlands, M.A., Gunnell, D., Harris, R., Vatten, L.J., Holly, J.M., Martin, R.M., 2009.
Circulating insulin-like growth factor peptides and prostate cancer risk: a systematic review and
meta-analysis. Int J Cancer 124, 2416-2429.
Russell, S.J., Kahn, C.R., 2007. Endocrine regulation of ageing. Nat Rev Mol Cell Biol 8, 681691.
Sabatino, F., Masoro, E.J., McMahan, C.A., Kuhn, R.W., 1991. Assessment of the role of the
glucocorticoid system in aging processes and in the action of food restriction. J Gerontol 46,
B171-B179.
Saito, K., Yoshioka, H., Cutler, R.G., 1998. A spin trap, N-tert-butyl-alpha-phenylnitrone
extends the life span of mice. Bioscience, Biotechnology & Biochemistry 62, 792-794.

144

Salvioli, S., Capri, M., Bucci, L., Lanni, C., Racchi, M., Uberti, D., Memo, M., Mari, D.,
Govoni, S., Franceschi, C., 2009. Why do centenarians escape or postpone cancer? The role of
IGF-1, inflammation and p53. Cancer Immunol Immunother, E-published ahead of print.
Santos, A.M., Ferraz, M.R., Teixeira, C.V., Sampaio, F.J., da Fonte, R.C., 2004. Effects of
undernutrition on serum and testicular testosterone levels and sexual function in adult rats.
Horm Metab Res 36, 27-33.
Sarkar, S., Ravikumar, B., Rubinsztein, D.C., 2009. Autophagic clearance of aggregate-prone
proteins associated with neurodegeneration. Methods Enzymol 453, 83-110.
Scarpulla, R.C., 2008. Transcriptional paradigms in mammalian mitochondrial biogenesis and
function. Physiol Rev 88, 611-638.
Scharf, J.G., Braulke, T., 2003. The role of the IGF axis in hepatocarcinogenesis. Horm Metab
Res 35, 685-693.
Schreiber, S.N., Emter, R., Hock, M.B., Knutti, D., Cardenas, J., Podvinec, M., Oakeley, E.J.,
Kralli, A., 2004. The estrogen-related receptor alpha (ERRalpha) functions in PPARgamma
coactivator 1alpha (PGC-1alpha)-induced mitochondrial biogenesis. Proc Natl Acad Sci U S A
101, 6472-6477.
Schumacher, B., van, d.P., I, Moorhouse, M.J., Kosteas, T., Robinson, A.R., Suh, Y., Breit,
T.M., van Steeg, H., Niedernhofer, L.J., van Ijcken, W., Bartke, A., Spindler, S.R.,
Hoeijmakers, J.H., van der Horst, G.T., Garinis, G.A., 2008. Delayed and accelerated aging
share common longevity assurance mechanisms. PLoS Genet 4, e1000161.

145

Sciacca, L., Mineo, R., Pandini, G., Murabito, A., Vigneri, R., Belfiore, A., 2002. In IGF-I
receptor-deficient leiomyosarcoma cells autocrine IGF-II induces cell invasion and protection
from apoptosis via the insulin receptor isoform A. Oncogene 21, 8240-8250.
Sedlaczek, N., Hasilik, A., Neuhaus, P., Schuppan, D., Herbst, H., 2003. Focal overexpression of
insulin-like growth factor 2 by hepatocytes and cholangiocytes in viral liver cirrhosis. Br J
Cancer 88, 733-739.
Segall, P.E., 1979. Interrelations of dietary and hormonal effects in aging. Mech Ageing Dev 9,
515-525.
Segall, P.E., Timiras, P.S., 1975. Age-related changes in the thermoregulatory capacity of
tryptophan-deficient rats. Fed Proc 34, 83-85.
Segall, P.E., Timiras, P.S., 1976. Patho-physiologic findings after chronic tryptophan deficiency
in rats: a model for delayed growth and aging. Mech Ageing Dev 5, 109-124.
Segall, P.E., Timiras, P.S., Walton, J.R., 1983. Low tryptophan diets delay reproductive aging.
Mech Ageing Dev 23, 245-252.
Segovia, G., Yague, A.G., Garcia-Verdugo, J.M., Mora, F., 2006. Environmental enrichment
promotes neurogenesis and changes the extracellular concentrations of glutamate and GABA in
the hippocampus of aged rats. Brain Res Bull 70, 8-14.
Selesniemi, K., Lee, H.J., Tilly, J.L., 2008. Moderate caloric restriction initiated in rodents
during adulthood sustains function of the female reproductive axis into advanced chronological
age. Aging Cell 7, 622-629.

146

Selman, C., Lingard, S., Choudhury, A.I., Batterham, R.L., Claret, M., Clements, M., Ramadani,
F., Okkenhaug, K., Schuster, E., Blanc, E., Piper, M.D., Al Qassab, H., Speakman, J.R.,
Carmignac, D., Robinson, I.C., Thornton, J.M., Gems, D., Partridge, L., Withers, D.J., 2008.
Evidence for lifespan extension and delayed age-related biomarkers in insulin receptor
substrate 1 null mice. FASEB J 22, 807-818.
Sergi, G., Perissinotto, E., Pisent, C., Buja, A., Maggi, S., Coin, A., Grigoletto, F., Enzi, G.,
2005. An adequate threshold for body mass index to detect underweight condition in elderly
persons: the Italian Longitudinal Study on Aging (ILSA). J Gerontol A Biol Sci Med Sci 60,
866-871.
Serrano, F., Klann, E., 2004. Reactive oxygen species and synaptic plasticity in the aging
hippocampus. Ageing Res Rev 3, 431-443.
Shahar, A., Shahar, D., Kahar, Y., Nitzan-Kalusky, D., 2005. [Low-weight and weight loss as
predictors of morbidity and mortality in old age]. Harefuah 144, 443-452.
Sharpless, N.E., 2005. INK4a/ARF: a multifunctional tumor suppressor locus. Mutat Res 576,
22-38.
Sheldon, W.G., Bucci, T.J., Hart, R.W., Turturro, A., 1995. Age-related neoplasia in a lifetime
study of ad libitum-fed and food-restricted B6C3F1 mice. Toxicol Pathol 23, 458-476.
Shinmura, K., Tamaki, K., Bolli, R., 2005. Short-term caloric restriction improves ischemic
tolerance independent of opening of ATP-sensitive K+ channels in both young and aged hearts.
J Mol Cell Cardiol 39, 285-296.

147

Shire, J.G., 1973. Growth hormone and premature ageing. Nature 245, 215-216.
Short, K.R., Bigelow, M.L., Kahl, J., Singh, R., Coenen-Schimke, J., Raghavakaimal, S., Nair,
K.S., 2005. Decline in skeletal muscle mitochondrial function with aging in humans. Proc Natl
Acad Sci U S A 102, 5618-5623.
Silvera, S.A., Jain, M., Howe, G.R., Miller, A.B., Rohan, T.E., 2006. Energy balance and breast
cancer risk: a prospective cohort study. Breast Cancer Res Treat 97, 97-106.
Simonsen, A., Cumming, R.C., Brech, A., Isakson, P., Schubert, D.R., Finley, K.D., 2008.
Promoting basal levels of autophagy in the nervous system enhances longevity and oxidant
resistance in adult Drosophila. Autophagy 4, 176-184.
Skorupa, D.A., Dervisefendic, A., Zwiener, J., Pletcher, S.D., 2008. Dietary composition
specifies consumption, obesity, and lifespan in Drosophila melanogaster. Aging Cell 7, 478490.
Slattery, M.L., Potter, J., Caan, B., Edwards, S., Coates, A., Ma, K.N., Berry, T.D., 1997. Energy
balance and colon cancer--beyond physical activity. Cancer Res 57, 75-80.
Smith, D.L., Li, C., Matecic, M., Maqani, N., Bryk, M., Smith, J.S., 2009. Calorie Restriction
Effects on Silencing and Recombination at the Yeast rDNA. Aging Cell, E-published ahead of
print.
Smith, E.D., Tsuchiya, M., Fox, L.A., Dang, N., Hu, D., Kerr, E.O., Johnston, E.D., Tchao, B.N.,
Pak, D.N., Welton, K.L., Promislow, D.E., Thomas, J.H., Kaeberlein, M., Kennedy, B.K.,

148

2008. Quantitative evidence for conserved longevity pathways between divergent eukaryotic
species. Genome Res 18, 564-570.
Snyder, D.L., Wostmann, B.S., Pollard, M., 1988. Serum hormones in diet-restricted gnotobiotic
and conventioal Lobund-Wistar rats. J Gerontol 43, 168-173.
Sonntag, W.E., Lynch, C.D., Cefalu, W.T., Ingram, R.L., Bennett, S.A., Thornton, P.L., Khan,
A.S., 1999. Pleiotropic effects of growth hormone and insulin-like growth factor (IGF)-1 on
biological aging: inferences from moderate caloric-restricted animals. J Gerontol A Biol Sci
Med Sci 54, B521-B538.
Sorensen, T.I., Price, R.A., Stunkard, A.J., Schulsinger, F., 1989. Genetics of obesity in adult
adoptees and their biological siblings. BMJ 298, 87-90.
Sorimachi, H., Ishiura, S., Suzuki, K., 1997. Structure and physiological function of calpains.
Biochem J 328, 721-732.
Sornson, M.W., Wu, W., Dasen, J.S., Flynn, S.E., Norman, D.J., O'Connell, S.M., Gukovsky, I.,
Carriere, C., Ryan, A.K., Miller, A.P., Zuo, L., Gleiberman, A.S., Andersen, B., Beamer, W.G.,
Rosenfeld, M.G., 1996. Pituitary lineage determination by the Prophet of Pit-1 homeodomain
factor defective in Ames dwarfism. Nature 384, 327-333.
Spindler, S.R., 2001. Caloric restriction enhances the expression of key metabolic enzymes
associated with protein renewal during aging. Annals of the New York Academy of Sciences
928, 296-304.

149

Spindler, S.R., 2005. Rapid and reversible induction of the longevity, anticancer and genomic
effects of caloric restriction. Mech Ageing Dev 126, 960-966.
Spindler, S.R., 2009. Design of rodent lifespan studies for the identification of potential
longevity therapeutics. Submitted for publication.
Spindler, S.R., Crew, M.D., Mote, P.L., Grizzle, J.M., Walford, R.L., 1990. Dietary energy
restriction in mice reduces hepatic expression of glucose-regulated protein 78 (BiP) and 94
mRNA. J Nutr 120, 1412-1417.
Spindler, S.R., Dhahbi, J.M., 2007. Conserved and Tissue-Specific Genic and Physiologic
Responses to Caloric Restriction and Altered IGFI Signaling in Mitotic and Postmitotic
Tissues. Annu Rev Nutr 27, 193-217.
Spindler, S.R., Dhahbi, J.M., Mote, P.L., 2003. Protein turnover, energy metabolism and aging.
In: Mattson, M.P. (Ed.). Energy Metabolism and Lifespan Determination: Advances in Cell
Aging and Gerontology, Volume 14, Elsevier, Amsterdam, The Netherlands, pp. 69-86.
Spindler, S.R., Grizzle, J.M., Walford, R.L., Mote, P.L., 1991. Aging and restriction of dietary
calories increases insulin receptor mRNA, and aging increases glucocorticoid receptor mRNA
in the liver of female C3B10RF1 mice. J Gerontol 46, B233-B237.
Spindler, S.R., Mote, P.L., 2007. Screening Candidate Longevity Therapeutics Using GeneExpression Arrays. Gerontology 53, 306-321.

150

Stewart, J., Mitchell, J., Kalant, N., 1989. The effects of life-long food restriction on spatial
memory in young and aged Fischer 344 rats measured in the eight-arm radial and the Morris
water mazes. Neurobiol Aging 10, 669-675.
Stewart, J.W., Koehler, K., Jackson, W., Hawley, J., Wang, W., Au, A., Myers, R., Birt, D.F.,
2005. Prevention of mouse skin tumor promotion by dietary energy restriction requires an
intact adrenal gland and glucocorticoid supplementation restores inhibition. Carcinogenesis 26,
1077-1084.
Stoll, S., Hafner, U., Kranzlin, B., Muller, W.E., 1997. Chronic treatment of Syrian hamsters
with low-dose selegiline increases life span in females but not males. Neurobiol Aging 18, 205211.
Stoll, S., Hafner, U., Pohl, O., Muller, W.E., 1994. Age-related memory decline and longevity
under treatment with selegiline. Life Sci 55, 2155-2163.
Stote, K.S., Baer, D.J., Spears, K., Paul, D.R., Harris, G.K., Rumpler, W.V., Strycula, P., Najjar,
S.S., Ferrucci, L., Ingram, D.K., Longo, D.L., Mattson, M.P., 2007. A controlled trial of
reduced meal frequency without caloric restriction in healthy, normal-weight, middle-aged
adults. Am J Clin Nutr 85, 981-988.
Strong, R., Miller, R.A., Astle, C.M., Floyd, R.A., Flurkey, K., Hensley, K.L., Javors, M.A.,
Leeuwenburgh, C., Nelson, J.F., Ongini, E., Nadon, N.L., Warner, H.R., Harrison, D.E., 2008.
Nordihydroguaiaretic acid and aspirin increase lifespan of genetically heterogeneous male
mice. Aging Cell 7, 641-650.

151

Stunkard, A.J., 1976. Nutrition, aging and obesity. In: Rockstein, M., Sussman, M.L. (Eds.).
Nutrition, longevity, and aging: Proceedings of a Symposium on Nutrition, Longevity, and
Aging, held in Miami, Florida, February 26-27, 1976, Academic Press, New York, pp. 253284.
Stunkard, A.J., Harris, J.R., Pedersen, N.L., McClearn, G.E., 1990. The body-mass index of
twins who have been reared apart. N Engl J Med 322, 1483-1487.
Stunkard, A.J., Sorensen, T.I., Hanis, C., Teasdale, T.W., Chakraborty, R., Schull, W.J.,
Schulsinger, F., 1986. An adoption study of human obesity. N Engl J Med 314, 193-198.
Suh, Y., Atzmon, G., Cho, M.O., Hwang, D., Liu, B., Leahy, D.J., Barzilai, N., Cohen, P., 2008.
Functionally significant insulin-like growth factor I receptor mutations in centenarians. Proc
Natl Acad Sci U S A 105, 3438-3442.
Sunder, M., 2005. Toward generation XL: anthropometrics of longevity in late 20th-century
United States. Econ Hum Biol 3, 271-295.
Swoap, S.J., 2008. The pharmacology and molecular mechanisms underlying temperature
regulation and torpor. Biochem Pharmacol 76, 817-824.
Syntichaki, P., Troulinaki, K., Tavernarakis, N., 2007. eIF4E function in somatic cells modulates
ageing in Caenorhabditis elegans. Nature 445, 922-926.
Taguchi, A., Wartschow, L.M., White, M.F., 2007. Brain IRS2 signaling coordinates life span
and nutrient homeostasis. Science 317, 369-372.

152

Takata, Y., Ansai, T., Soh, I., Akifusa, S., Sonoki, K., Fujisawa, K., Awano, S., Kagiyama, S.,
Hamasaki, T., Nakamichi, I., Yoshida, A., Takehara, T., 2007. Association between body mass
index and mortality in an 80-year-old population. J Am Geriatr Soc 55, 913-917.
Tatar, M., Kopelman, A., Epstein, D., Tu, M.P., Yin, C.M., Garofalo, R.S., 2001. A mutant
Drosophila insulin receptor homolog that extends life-span and impairs neuroendocrine
function. Science 292, 107-110.
Tavernarakis, N., 2008. Ageing and the regulation of protein synthesis: a balancing act? Trends
Cell Biol 18, 228-235.
Tillman, J.B., Dhahbi, J.M., Mote, P.L., Walford, R.L., Spindler, S.R., 1996. Dietary calorie
restriction in mice induces carbamyl phosphate synthetase I gene transcription tissue
specifically. J Biol Chem 271, 3500-3506.
Timiras, P.S., Hudson, D.B., Segall, P.E., 1984. Lifetime brain serotonin: regional effects of age
and precursor availability. Neurobiol Aging 5, 235-242.
Tissenbaum, H.A., Guarente, L., 2001. Increased dosage of a sir-2 gene extends lifespan in
Caenorhabditis elegans. Nature 410, 227-230.
Tissenbaum, H.A., Ruvkun, G., 1998. An insulin-like signaling pathway affects both longevity
and reproduction in Caenorhabditis elegans. Genetics 148, 703-717.
To, K., Yamaza, H., Komatsu, T., Hayashida, T., Hayashi, H., Toyama, H., Chiba, T., Higami,
Y., Shimokawa, I., 2007. Down-regulation of AMP-activated protein kinase by calorie
restriction in rat liver. Exp Gerontol 42, 1063-1071.

153

Toth, M.L., Sigmond, T., Borsos, E., Barna, J., Erdelyi, P., Takacs-Vellai, K., Orosz, L., Kovacs,
A.L., Csikos, G., Sass, M., Vellai, T., 2008. Longevity Pathways Converge on Autophagy
Genes to Regulate Life Span in Caenorhabditis elegans. Autophagy 4, 330-338.
Trojanowski, J.Q., Mattson, M.P., 2003. Overview of protein aggregation in single, double, and
triple neurodegenerative brain amyloidoses. Neuromolecular Med 4, 1-6.
Trzonkowski, P., Mysliwska, J., Pawelec, G., Mysliwski, A., 2009. From bench to bedside and
back: the SENIEUR Protocol and the efficacy of influenza vaccination in the elderly.
Biogerontology 10, 83-94.
Tschape, J.A., Hammerschmied, C., Muhlig-Versen, M., Athenstaedt, K., Daum, G.,
Kretzschmar, D., 2002. The neurodegeneration mutant lochrig interferes with cholesterol
homeostasis and Appl processing. EMBO J 21, 6367-6376.
Tsuchiya, T., Dhahbi, J.M., Cui, X., Mote, P.L., Bartke, A., Spindler, S.R., 2004. Additive
regulation of hepatic gene expression by dwarfism and caloric restriction. Physiol Genomics
17, 307-315.
Turturro, A., Duffy, P., Hass, B., Kodell, R., Hart, R., 2002. Survival characteristics and ageadjusted disease incidences in C57BL/6 mice fed a commonly used cereal-based diet
modulated by dietary restriction. J Gerontol A Biol Sci Med Sci 57, B379-B389.
Turturro, A., Hart, R.W., 1991. Longevity-assurance mechanisms and caloric restriction. Ann N
Y Acad Sci 621, 363-372.

154

Turturro, A., Witt, W.W., Lewis, S., Hass, B.S., Lipman, R.D., Hart, R.W., 1999. Growth curves
and survival characteristics of the animals used in the Biomarkers of Aging Program. J
Gerontol A Biol Sci Med Sci 54, B492-B501.
Valle, A., Catala-Niell, A., Colom, B., Garcia-Palmer, F.J., Oliver, J., Roca, P., 2005. Sexrelated differences in energy balance in response to caloric restriction. Am J Physiol Endocrinol
Metab 289, E15-E22.
Vallejo, E.A., 1957. [Hunger diet on alternate days in the nutrition of the aged.]. Prensa Med
Argent 44, 119-120.
Van der, P.E., Sherwood, E.M., Blomberg, B.B., Riley, R.L., 2003. Aged mice exhibit distinct B
cell precursor phenotypes differing in activation, proliferation and apoptosis. Exp Gerontol 38,
1137-1147.
van Raalte, D.H., Li, M., Pritchard, P.H., Wasan, K.M., 2004. Peroxisome proliferator-activated
receptor (PPAR)-alpha: a pharmacological target with a promising future. Pharm Res 21, 15311538.
Varady, K.A., Hellerstein, M.K., 2007. Alternate-day fasting and chronic disease prevention: a
review of human and animal trials. Am J Clin Nutr 86, 7-13.
Varagic, J., Susic, D., Frohlich, E., 2001. Heart, aging, and hypertension. Curr Opin Cardiol 16,
336-341.
Vasselli, J.R., Shih, J.H., Iyengar, S.R., Maranchie, J., Riss, J., Worrell, R., Torres-Cabala, C.,
Tabios, R., Mariotti, A., Stearman, R., Merino, M., Walther, M.M., Simon, R., Klausner, R.D.,

155

Linehan, W.M., 2003. Predicting survival in patients with metastatic kidney cancer by geneexpression profiling in the primary tumor. Proc Natl Acad Sci U S A 100, 6958-6963.
Vaziri, H., Dessain, S.K., Ng, E.E., Imai, S.I., Frye, R.A., Pandita, T.K., Guarente, L., Weinberg,
R.A., 2001. hSIR2(SIRT1) functions as an NAD-dependent p53 deacetylase. Cell 107, 149159.
Vega, R.B., Huss, J.M., Kelly, D.P., 2000. The coactivator PGC-1 cooperates with peroxisome
proliferator-activated receptor alpha in transcriptional control of nuclear genes encoding
mitochondrial fatty acid oxidation enzymes. Mol Cell Biol 20, 1868-1876.
Veldhuis, J.D., Iranmanesh, A., Evans, W.S., Lizarralde, G., Thorner, M.O., Vance, M.L., 1993.
Amplitude suppression of the pulsatile mode of immunoradiometric luteinizing hormone
release in fasting-induced hypoandrogenemia in normal men. J Clin Endocrinol Metab 76, 587593.
Vella, V., Pandini, G., Sciacca, L., Mineo, R., Vigneri, R., Pezzino, V., Belfiore, A., 2002. A
novel autocrine loop involving IGF-II and the insulin receptor isoform-A stimulates growth of
thyroid cancer. J Clin Endocrinol Metab 87, 245-254.
Vellai, T., Takacs-Vellai, K., Zhang, Y., Kovacs, A.L., Orosz, L., Muller, F., 2003. Genetics:
influence of TOR kinase on lifespan in C. elegans. Nature 426, 620.
Ventura-Clapier, R., Garnier, A., Veksler, V., 2008. Transcriptional control of mitochondrial
biogenesis: the central role of PGC-1alpha. Cardiovasc Res 79, 208-217.

156

Verdery, R.B., Walford, R.L., 1998. Changes in plasma lipids and lipoproteins in humans during
a 2-year period of dietary restriction in Biosphere 2. Arch Intern Med 158, 900-906.
Verdone-Smith, C., Enesco, H.E., 1982. The effect of temperature and of dietary restriction on
lifespan and reproduction in the rotifer Asplanchna brightwelli. Exp Gerontol 17, 255-262.
Villareal, D.T., Fontana, L., Weiss, E.P., Racette, S.B., Steger-May, K., Schechtman, K.B.,
Klein, S., Holloszy, J.O., 2006. Bone mineral density response to caloric restriction-induced
weight loss or exercise-induced weight loss: a randomized controlled trial. Arch Intern Med
166, 2502-2510.
Visscher, M.B., KING, J.T., LEE, Y.C., 1952. Further studies on influence of age and diet upon
reproductive senescence in strain A female mice. Am J Physiol 170, 72-76.
Wagh, A., Stone, N.J., 2004. Treatment of metabolic syndrome. Expert Rev Cardiovasc Ther 2,
213-228.
Walford, R.L., 1998. Children of the elderberry bush (for Alex Comfort). Exp Gerontol 33, 189190.
Walford, R.L., Mock, D., MacCallum, T., Laseter, J.L., 1999. Physiologic changes in humans
subjected to severe, selective calorie restriction for two years in Biosphere 2: health, aging, and
toxicological perspectives. Toxicol Sci 52, 61-65.
Walford, R.L., Mock, D., Verdery, R., MacCallum, T., 2002. Calorie Restriction in Biosphere 2:
Alterations in Physiologic, Hematologic, Hormonal, and Biochemical Parameters in Humans
Restricted for a 2-Year Period. J Gerontol A Biol Sci Med Sci 57, B211-B224.

157

Walford, R.L., Spindler, S.R., 1997. The response to calorie restriction in mammals shows
features also common to hibernation: A cross-adaptation hypothesis. J Gerontol : Biol Sci 52A,
B179-B183.
Wang, X., Beugnet, A., Murakami, M., Yamanaka, S., Proud, C.G., 2005. Distinct signaling
events downstream of mTOR cooperate to mediate the effects of amino acids and insulin on
initiation factor 4E-binding proteins. Mol Cell Biol 25, 2558-2572.
Wang, X., Li, W., Williams, M., Terada, N., Alessi, D.R., Proud, C.G., 2001. Regulation of
elongation factor 2 kinase by p90(RSK1) and p70 S6 kinase. EMBO J 20, 4370-4379.
Wang, Y., Tissenbaum, H.A., 2006. Overlapping and distinct functions for a Caenorhabditis
elegans SIR2 and DAF-16/FOXO. Mech Ageing Dev 127, 48-56.
Wassertheil-Smoller, S., Fann, C., Allman, R.M., Black, H.R., Camel, G.H., Davis, B., Masaki,
K., Pressel, S., Prineas, R.J., Stamler, J., Vogt, T.M., 2000. Relation of low body mass to death
and stroke in the systolic hypertension in the elderly program. The SHEP Cooperative Research
Group. Arch Intern Med 160, 494-500.
Weindruch, R., Sohal, R.S., 1997. Seminars in medicine of the Beth Israel Deaconess Medical
Center. Caloric intake and aging. N Engl J Med 337, 986-994.
Weindruch, R., Walford, R.L., 1982. Dietary restriction in mice beginning at 1 year of age: effect
on life- span and spontaneous cancer incidence. Science 215, 1415-1418.
Weindruch, R., Walford, R.L., 1988. The Retardation of Aging and Disease by Dietary
Restriction, Charles C. Thomas, Springfield, IL.

158

Weindruch, R.H., Kristie, J.A., Cheney, K.E., Walford, R.L., 1979. Influence of controlled
dietary restriction on immunologic function and aging. Fed Proc 38, 2007-2016.
Weinstein, R.S., 2001. Glucocorticoid-induced osteoporosis. Rev Endocr Metab Disord 2, 65-73.
Weiss, E.P., Racette, S.B., Villareal, D.T., Fontana, L., Steger-May, K., Schechtman, K.B.,
Klein, S., Ehsani, A.A., Holloszy, J.O., 2007. Lower extremity muscle size and strength and
aerobic capacity decrease with caloric restriction but not with exercise-induced weight loss. J
Appl Physiol 102, 634-640.
Weiss, E.P., Racette, S.B., Villareal, D.T., Fontana, L., Steger-May, K., Schechtman, K.B.,
Klein, S., Holloszy, J.O., 2006. Improvements in glucose tolerance and insulin action induced
by increasing energy expenditure or decreasing energy intake: a randomized controlled trial.
Am J Clin Nutr 84, 1033-1042.
Weyer, C., Walford, R.L., Harper, I.T., Milner, M., MacCallum, T., Tataranni, P.A., Ravussin,
E., 2000. Energy metabolism after 2 y of energy restriction: the Biosphere 2 experiment. Am J
Clin Nutr 72, 946-953.
Widdowson, E.M., 1964. Diet and Bodily Constitution. Ciba Foundation Study Group No 17,
Little and Brown, Boston.
Widen, E.I., Eriksson, J.G., Groop, L.C., 1992. Metformin normalizes nonoxidative glucose
metabolism in insulin-resistant normoglycemic first-degree relatives of patients with NIDDM.
Diabetes 41, 354-358.

159

Willcox, B.J., Willcox, D.C., Todoriki, H., Fujiyoshi, A., Yano, K., He, Q., Curb, J.D., Suzuki,
M., 2007. Caloric restriction, the traditional Okinawan diet, and healthy aging: the diet of the
world's longest-lived people and its potential impact on morbidity and life span. Ann N Y Acad
Sci 1114, 434-455.
Winder, W.W., Taylor, E.B., Thomson, D.M., 2006. Role of AMP-activated protein kinase in the
molecular adaptation to endurance exercise. Med Sci Sports Exerc 38, 1945-1949.
Winter, J.C., 1998. The effects of an extract of Ginkgo biloba, EGb 761, on cognitive behavior
and longevity in the rat. Physiol Behav 63, 425-433.
Witte, A.V., Fobker, M., Gellner, R., Knecht, S., Floel, A., 2009. Caloric restriction improves
memory in elderly humans. Proc Natl Acad Sci U S A 106, 1255-1260.
Wright, K.M., Deshmukh, M., 2006. Restricting apoptosis for postmitotic cell survival and its
relevance to cancer. Cell Cycle 5, 1616-1620.
Wu, H., Kanatous, S.B., Thurmond, F.A., Gallardo, T., Isotani, E., Bassel-Duby, R., Williams,
R.S., 2002. Regulation of mitochondrial biogenesis in skeletal muscle by CaMK. Science 296,
349-352.
Wu, Z., Huang, X., Feng, Y., Handschin, C., Feng, Y., Gullicksen, P.S., Bare, O., Labow, M.,
Spiegelman, B., Stevenson, S.C., 2006. Transducer of regulated CREB-binding proteins
(TORCs) induce PGC-1alpha transcription and mitochondrial biogenesis in muscle cells. Proc
Natl Acad Sci U S A 103, 14379-14384.

160

Wu, Z., Puigserver, P., Andersson, U., Zhang, C., Adelmant, G., Mootha, V., Troy, A., Cinti, S.,
Lowell, B., Scarpulla, R.C., Spiegelman, B.M., 1999. Mechanisms controlling mitochondrial
biogenesis and respiration through the thermogenic coactivator PGC-1. Cell 98, 115-124.
Wullschleger, S., Loewith, R., Hall, M.N., 2006. TOR signaling in growth and metabolism. Cell
124, 471-484.
Yamauchi, T., Kamon, J., Minokoshi, Y., Ito, Y., Waki, H., Uchida, S., Yamashita, S., Noda, M.,
Kita, S., Ueki, K., Eto, K., Akanuma, Y., Froguel, P., Foufelle, F., Ferre, P., Carling, D.,
Kimura, S., Nagai, R., Kahn, B.B., Kadowaki, T., 2002. Adiponectin stimulates glucose
utilization and fatty-acid oxidation by activating AMP-activated protein kinase. Nat Med 8,
1288-1295.
Yao, X., Hu, J.F., Daniels, M., Yien, H., Lu, H., Sharan, H., Zhou, X., Zeng, Z., Li, T., Yang, Y.,
Hoffman, A.R., 2003. A novel orthotopic tumor model to study growth factors and oncogenes
in hepatocarcinogenesis. Clin Cancer Res 9, 2719-2726.
Yen, T.T., Knoll, J., 1992. Extension of lifespan in mice treated with Dinh lang (Policias
fruticosum L.) and (-)deprenyl. Acta Physiol Hung 79, 119-124.
Yeung, F., Hoberg, J.E., Ramsey, C.S., Keller, M.D., Jones, D.R., Frye, R.A., Mayo, M.W.,
2004. Modulation of NF-kappaB-dependent transcription and cell survival by the SIRT1
deacetylase. EMBO J 23, 2369-2380.
Youngman, L.D., Park, J.-Y.K., Ames, B.N., 1992. Protein oxidation associated with aging is
reduced by dietary restriction of protein or calories. Proc Natl Acad Sci U S A 89, 9112-9116.

161

Yu, B.P., Masoro, E.J., McMahan, C.A., 1985. Nutritional influences on aging of Fischer 344
rats: I. Physical, metabolic, and longevity characteristics. J Gerontol 40, 657-670.
Yung, R.L., Julius, A., 2008. Epigenetics, aging, and autoimmunity. Autoimmunity 41, 329-335.
Zainal, T.A., Oberley, T.D., Allison, D.B., Szweda, L.I., Weindruch, R., 2000. Caloric restriction
of rhesus monkeys lowers oxidative damage in skeletal muscle. FASEB J 14, 1825-1836.
Zecca, L., Youdim, M.B., Riederer, P., Connor, J.R., Crichton, R.R., 2004. Iron, brain ageing
and neurodegenerative disorders. Nat Rev Neurosci 5, 863-873.
Zhou, G., Myers, R., Li, Y., Chen, Y., Shen, X., Fenyk-Melody, J., Wu, M., Ventre, J., Doebber,
T., Fujii, N., Musi, N., Hirshman, M.F., Goodyear, L.J., Moller, D.E., 2001. Role of AMPactivated protein kinase in mechanism of metformin action. J Clin Invest 108, 1167-1174.
Zhou, Y., Xu, B.C., Maheshwari, H.G., He, L., Reed, M., Lozykowski, M., Okada, S., Cataldo,
L., Coschigamo, K., Wagner, T.E., Baumann, G., Kopchick, J.J., 1997. A mammalian model
for Laron syndrome produced by targeted disruption of the mouse growth hormone
receptor/binding protein gene (the Laron mouse). Proc Natl Acad Sci U S A 94, 13215-13220.
Zhu, M., Miura, J., Lu, L.X., Bernier, M., deCabo, R., Lane, M.A., Roth, G.S., Ingram, D.K.,
2004. Circulating adiponectin levels increase in rats on caloric restriction: the potential for
insulin sensitization. Exp Gerontol 39, 1049-1059.
Zou, M.H., Kirkpatrick, S.S., Davis, B.J., Nelson, J.S., Wiles, W.G., Schlattner, U., Neumann,
D., Brownlee, M., Freeman, M.B., Goldman, M.H., 2004. Activation of the AMP-activated

162

protein kinase by the anti-diabetic drug metformin in vivo. Role of mitochondrial reactive
nitrogen species. J Biol Chem 279, 43940-43951.
Zuccato, C., Tartari, M., Crotti, A., Goffredo, D., Valenza, M., Conti, L., Cataudella, T., Leavitt,
B.R., Hayden, M.R., Timmusk, T., Rigamonti, D., Cattaneo, E., 2003. Huntingtin interacts with
REST/NRSF to modulate the transcription of NRSE-controlled neuronal genes. Nat Genet 35,
76-83.

163

